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Foreword

The resource demands of growth in human population and wealth are creating enormous 
pressure on soils worldwide through ever-increasing intensification of land use. Global soil 
threats include widespread desertification caused by the loss of soil carbon, significant 
physical erosion from mechanical disturbance of the land surface through agriculture prac-
tices, habitat degradation and loss of biodiversity including impacts on organisms that 
transform and supply nutrients to plants. A major threat to the global ambitions of food and 
water security is the further loss of soil fertility through salinization from irrigation with 
groundwater, sealing by urban development, compaction, which also reduces water storage 
and transmission, and industrial pollution.

Climate change adds to the challenge. Current predictions of climate change impacts 
indicate crop yields will be affected adversely in many areas due to declining water avail-
ability. Recent greenhouse gas measurements show the highest-ever levels of atmospheric 
methane and the fastest rate of increase in the levels of atmospheric CO2 in the modern 
record. This trajectory demands urgency, and soil management will play an enormous role 
in risk mitigation and adaptation to global change.

The UNEP Year Book 2012 identified the benefits of soil carbon as an emerging oppor-
tunity for positive action. Many of the benefits that soils deliver correlate positively with 
the content of soil carbon as organic matter, and many of the soil threats can be mitigated 
through optimal management of soil carbon. The year book identified an urgent need to 
draw together the complex, fragmented and multidisciplinary science base and to draw on 
this knowledge to identify and help implement solutions.

This Scientific Committee on Problems of the Environment (SCOPE) Volume 71 repre-
sents an intensive effort to mobilize the international scientific community and seize the 
opportunity for positive action. The volume compiles scientific evidence to support innov-
ations in policy and practice for soil management that will reverse land degradation and 
enhance the functioning of soils worldwide. The volume represents the principal output 
from an international Rapid Assessment Process (RAP) project carried out under the aegis 
of SCOPE. The RAP was initiated in response to the UNEP Year Book 2012 chapter on the 
benefits of soil carbon, and was reported in the UNEP Year Book 2014 as an update since 
2012 on international action for the improvement of soil management.

The project began in June 2012 with the convening of a Scientific Advisory Committee 
to agree the key subject areas of the RAP, recruit expert authors worldwide from the neces-
sarily broad range of disciplines and geographic regions, and to produce a timetable for 



xiv Foreword 

project completion. Authors were approached in late 2012, and 27 background chapters of 
diverse scientific evidence, prepared by 75 scientific experts from 17 countries, formed the 
knowledge base for a RAP workshop convened in March 2013. Forty participating experts 
engaged in debate, analysis and the drafting of four cross-cutting chapters of new policy 
evidence and recommendations for action.

The opening section of the volume includes an introduction to the global challenge 
and the four cross-cutting chapters with recommendations for action; the subsequent sec-
tions present the background chapters. A key aim of SCOPE Volume 71 is to help bridge the 
gap between science and policy on some of the key challenges and opportunities for bene-
ficial soil and land management. This volume provides a link between the complexity of 
the scientific knowledge on soil carbon, and how this knowledge can be applied for mul-
tiple benefits, and the complexity of the policy and practice arenas where soil and land 
management impact many sectors: environment, farming, energy, water, economic devel-
opment and urban planning.

Above all, this volume presents a positive message that improved management of soil 
carbon for multiple benefits is achievable and within reach. The science evidence supports 
the view that soil is a strategic asset. Improved soil and land management offers a vital 
pathway to tackle simultaneously the major challenges of environmental degradation, food 
security, clean water supply and climate change, and is an essential component of sus-
tained economic development.

Steven A. Banwart
Elke noellemeyer

   Eleanor Milne
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Introduction

The global challenge of soil and land  degradation is both daunting and immediate. It also 
provides an outstanding opportunity to take positive action rapidly to improve Earth’s soils 
and enhance the multiple, essential benefits that they provide to humanity. There are both 
short- and long-term improvements that can be achieved through the application and de-
velopment of new knowledge and the implementation of informed policy and management 
practice.

The challenge is clear. By 2050, the human population is expected to reach 9.6 billion, 
with an accompanying quadrupling in the global economy, a doubling in demand for 
food and fuel and a 50% increase in demand for clean water; all while dealing with climate 
change and declining biodiversity. Resource demand is set against the reality of limited 
land availability and the need for the world’s soils to deliver productivity while avoiding 
the environmental costs of intensifying land use.

The 2014 United Nations Environment Programme (UNEP, 2014) report, Assessing 
Global Land Use, estimates an increase in demand for productive land of between 320 and 
c.850 Mha by 2050. This scenario overshoots the estimated environmentally sustainable 
capacity of Earth’s land resources by 10–45%. Unprecedented intensification in the product-
ivity of currently used land in order to achieve economic growth while avoiding exceptional 
environmental degradation will be required, and this must be achieved without further envir-
onmental costs. The beneficial management of soil carbon, along with water management, is 
perhaps the most important means of human intervention that is currently technically 
available against this daunting challenge.

Urgent Short-term Actions

Soil carbon, specifically in the form of soil organic matter, plays a central role in the 
 functioning of soils to produce a wide range of vital environmental goods and services. 
 Figure 2.1 illustrates five essential services delivered by soil which are directly dependent 
on the role of soil carbon. Loss of soil carbon degrades these services, resulting in decreased 
market value, such as reduced crop yields, and environmental and social costs that may be 
 external to markets, such as increased soil greenhouse gas emissions and the pollution of 
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drinking water. Targeted soil and land management methods can enhance soil carbon, and 
thereby offer substantial opportunities to increase the market and non-market value of land 
use, both locally and worldwide. Proactive intervention now could increase economic 
productivity, reverse global land degradation and provide an improved local and global 
environment.

Short-term actions to achieve these long-term goals include the following (detailed in 
Nziguheba et al., Chapter 2, this volume):

 1. Enhance agricultural productivity through increased plant carbon inputs to soil, including 
optimal crop fertilization that does not oversupply mineral N, P and K. Measures include 
improved crop rotation, reduced tillage, organic matter addition, fallow cover crops, agrofor-
estry and improved livestock management practices that recover nutrients and reduce com-
paction and excessive vegetation removal.
 2. Improve soil water infiltration and storage by improving soil porosity and structure. This 
can be done through cover vegetation, which increases soil carbon stocks, helping to bind 
soil particles into larger aggregates, yielding greater soil porosity and permeability. These 
changes in structure buffer soil moisture levels, increase groundwater recharge, provide 
flood storage on land and reduce runoff, erosion and transport of soil nutrients and agri-
chemicals directly to surface waters.
 3. Improve biodiversity through the variety of organic carbon inputs to soil including plant 
litter, the biomass and exudates of roots and of their symbiotic fungi, and the direct input 
from surface photosynthetic microorganisms. All of these sources contribute to the carbon 
and energy supply that supports the soil food web, including its base of decomposer micro-
organisms. Other functional populations in the food include litter fragmenters, fungi and 
other decomposers of complex organic constituents,  nitrogen fixers and processors, other 
nutrient- transforming microbes, methane producers and consumers, and soil fauna as eco-
system engineers.
 4. Mitigate climate change and manage the impacts by storing carbon as soil organic mat-
ter. This carbon storage reduces net carbon greenhouse gas emissions while utilizing the role 
of soil organic matter to form larger aggregates that protect the organic carbon. The intraparticle 
pores of aggregates hold plant available water and the larger interparticle pores drain excess 
bulk water and speed O2 diffusion for root respiration, thus enhancing the resilience of 
soils to both flood and drought conditions that limit plant growth.
 5. Develop life-cycle analysis and full carbon accounting of biofuel crops in order to quan-
tify fully the carbon and environmental costs of marginal land transition from native vege-
tation to biofuel crops. Additional factors to quantify are the likely land competition for food 
production and the potential for crop management that increases soil carbon stocks. In-
creased stock provides a net reduction of soil carbon greenhouse gas emissions, while pro-
ducing bioenergy sources that reduce the demand for hydrocarbon fuel and improving the 
soil to sustain crop production.
 6. Establish a global research programme to reduce uncertainties associated with those soil 
processes that produce beneficial effects and those that degrade environmental services due 
to soil carbon decline. The research programme should reduce uncertainties at both local 
and global scales.

Creating Synergies for Multiple Benefits

The urgent short-term actions listed above must be implemented locally at the scale of the 
landowner and land manager. The multiple benefits of the proactive management of soil 
carbon accrue through the flows of carbon and other materials, energy and biodiversity 
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through the landscape. These flows create an impact chain that propagates the cumulative 
effects of local action by many individuals to the larger scales of positive regional and glo-
bal impact.

The impact chain begins by understanding that soil functioning is also related intim-
ately to soil structure; i.e. the binding together of the primary soil components of mineral 
fragments, decaying biomass and living organisms into larger aggregates that are stable under 
the influence of wetting and water flow. Soil organic matter establishes cohesion between the 
particles; it supplies carbon and energy to support the microorganisms that decompose or-
ganic matter, transform the nutrient contents for plant growth and provide the base of the 
soil food web and its biodiversity. Aggregate formation provides physical protection for 
organic matter that is bound within the particles; it stores plant available water within the 
aggregate pores and it provides improved soil drainage through the larger pores between 
aggregates. Improved drainage allows greater ingress of O2 from the atmosphere to support 
root respiration.

This beneficial impact chain, through the development of soil structure, begins with car-
bon addition from plants to soil. An example of beneficial downstream impacts is the reduc-
tion in physical erosion that results from the formation of water-stable aggregates during soil 
carbon addition and the ensuing development of soil structure (Fig. 3.1).

Most of the benefits that are linked to soil carbon content are aligned positively with the 
soil organic matter content. One notable exception is the productivity of agricultural land 
that supplies nutrients to crops through the mineralization of soil organic matter. However, 
the supply of soil carbon is limited and will become depleted along with a decline in soil 
fertility if soil carbon stocks are not replenished. If soil carbon content becomes too low, the 
soil structure collapses and soils become susceptible to erosion, compaction and flooding. 
This sequence of land-use development is described by a generalized soil carbon transition 
curve that describes three stages of soil fertility linked to carbon content: Stage I, the initial 
decline; Stage II, the collapse; and, if soil carbon is  restored, Stage III, the rise (Fig. 3.2).

Soil carbon content under native vegetation varies massively worldwide depending on 
climate and the clay content of the soil. In spite of the enormous variability, the generalized 
temporal pattern represented by the soil carbon transition curve appears to hold across a 
wide variety of environments.

Examples (detailed in van Noordwijk et al., Chapter 3, this volume) include the:

• decline in the productivity of the soils of the Indo-Gangetic Plains and the black soil 
region of India following the removal of forests for agricultural  cultivation;

 • decreased soil carbon content of the fertile black soil region of north-eastern China fol-
lowing agricultural intensification;

 • increased soil erosion in the loess soils in semi-arid regions of South America;
 • dust bowl conditions of the central plains of the USA following tillage of the native 

prairie soils – and the subsequent recovery;
 • recent increase of soil carbon content in agricultural lands on the island of Java, 

 Indonesia;
 • improved methods of cultivation and increased soil carbon content since 1980 in the 

Indo-Gangetic Plains; and
 • improvement of soil carbon stocks in paddy soils of China between 1980 and 1994 fol-

lowing the increased use of mineral fertilizers to increase crop productivity.

If the soil transition curve proves to hold generally, then the capacity to achieve the Stage 
III conditions of soil recovery compels efforts to improve soil carbon stocks wherever they 
are threatened or degraded through agricultural practices. Following agricultural develop-
ment, soil degradation is not inevitable and can be reversed through improved soil carbon 
management. The vulnerability of the land to soil carbon loss during the transition is a 
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critical challenge as Earth’s marginal lands come under increasing pressure to be brought 
into production. This vulnerability must be addressed, and requires methods to eliminate or 
strongly mitigate soil carbon losses if marginal lands are brought into production.

Key recommendations to avoid the Stage II collapse and to achieve the Stage III re-
covery where necessary are listed here (detailed in van Noordwijk et al., Chapter 3, this 
volume).

 • Identify the local thresholds and transition points for the three stages of the transition 
curve due to substantial variation in soil type and climatic conditions around the 
world.

 • Use improved agricultural agroecological practices that replenish soil carbon.
 • Maintain soil functions in mineral soils through necessary changes in tillage and crop 

residue management and/or return trees to agricultural landscapes and maintain adequate 
nutrient levels to support vegetation.

 • Control grazing pressure in grasslands in order to recover and maintain vegetation, and 
possibly the addition of organic matter stocks derived elsewhere.

 • Utilize external carbon inputs such as from agroindustrial waste where available, 
in order to trigger the threshold levels of soil carbon where on-site photo synthesis 
may not generate sufficient organic inputs to the soil following marginal land 
transition.

 • Enable the necessary societal change to collect urban organic waste for land applica-
tion in order to recycle sufficient organic matter and close the nutrient loop between 
urban and rural areas.

Achieving Multiple Benefits from Local to Global Scales

Previous conditions for significant progress in meeting global environmental goals and tar-
gets have been characterized by clear problem definition, agreed goals, specific targets and 
indicators to track progress. An essential step towards protecting and  enhancing soil func-
tions worldwide will be founded on a science-based contribution to help develop a target for 
soil carbon stocks and mechanisms to track progress toward sustainable land use. Severe 
bottlenecks to implanting innovation for soil carbon management exist and need to be ad-
dressed. The key factors and approaches to enable innovation are detailed by Funk et al. 
(Chapter 4, this volume) and are summarized here.

There is a profound mismatch in the scale of engagement at local and global scales. The 
beneficial impacts of improved soil carbon management to restore degraded land and en-
hance soil productivity hold the potential to benefit an enormous number of local farmers 
and landowners worldwide. The environmental challenges of managing land and produ-
cing food are starkly manifest in their daily lives and in the pressures to maintain seasonal 
profit margins.

At the global scale, however, decision makers are remote from these individual struggles, 
and only a few multilateral agencies and multinational companies are dealing with these chal-
lenges. An even greater bottleneck exists at the national level, where often there are only a few 
individuals or small teams with policy missions that deal with soil. These activities are gener-
ally fragmented, with  efforts dispersed between agencies dealing with farming, environ-
ment, water and energy.  Social innovations are needed to bridge the gap between short-term, 
local impacts and the long-term, global impacts that should provide feedback to incentivize 
best practice nationally and locally.

These innovations will require new governance structures in both the public and 
 private sectors, so that policies at higher spatial scales, i.e. in governments and large companies, 
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have impact at the local scale. The aim must be to influence the behaviour of  landowners, 
farmers and consumers positively, in order to bring about improved soil carbon levels. This 
innovation will  require an economic trigger such as unacceptable increases in food prices 
or unacceptable environmental or reputational costs of land degradation. In the absence of 
policy interventions, it is likely that local soil carbon management will remain suboptimal.

Improved soil carbon management at the local level will require access to information 
and technology, financial incentives and capable personnel to implement solutions. Schemes 
to offer financial and technical support to landowners will create immediate direct advan-
tages that are compatible with both local and global long-term interests.

The key innovations that are required include (Funk et al., Chapter 4, this volume):

 • low-cost sensors for soil carbon levels;
 • local demonstration sites for best practices;
 • online web-based technical training;
 • payments for soil carbon services;
 • monetization of soil carbon benefits in national policy;
 • carbon offset markets for landowners;
 • legal frameworks to regulate soil  carbon;
 • remote sensing methods to monitor soil carbon;
 • international trade agreements and certification that reward good soil management 

practice; and
 • increased integration of national policy teams relating to soil.

A Policy Strategy for Soil Carbon

A strategy to realize the multiple benefits of soil carbon worldwide requires that the narra-
tive of soil decline and the global threat of land degradation become embedded in the 
 policy discourse of  environmental sustainability, economic prosperity and international 
development. Key science  evidence (detailed in van Wesemael et al., Chapter 5, this  volume) 
with the potential to raise the profile of soil carbon in the policy discourse includes quan-
tifying soil carbon content as:

 • a smart, integrating indicator of soil functions and benefits;
 • hotspots and thresholds for soil degradation and soil and water conservation;
 • a measure to diversify agricultural systems that are adapted to climate change;
 • a mechanism to monitor and verify  climate change mitigation;
 • a core component of plant nutrition management and decisions on agrichemical  inputs;
 • contributing directly to food and water security and international development; and
 • an indicator of belowground biodiversity reflecting and supporting aboveground bio-

diversity.

Several issues must be addressed urgently (van Wesemael et al., Chapter 5, this volume) to 
integrate soil carbon in the policy discourse. First, there is a missing communications link 
between scientists and policy makers. The scientific language must be clearer and more 
accessible and effective in order to convince policy leaders and  influence public opinion 
and political decisions. This SCOPE volume and the additional policy briefs that flow from 
it aim to help address this gap.

Second, it is essential to connect clearly the cross-cutting role of soil organic matter 
and soil carbon with the high-profile global challenges of food security, water supply, 
international development and climate change.
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Third, there is a pressing need to move from discussing the protection of soil as an en-
vironmental material and instead draw attention to the protection of soil functions and the 
many benefits they provide.

Fourth, the valuation of soil must move far beyond the current approaches to market 
trading in CO2 equivalents for soil carbon. Although carbon storage in soil clearly reduces 
greenhouse gas emissions, this market value is only traded voluntarily and it currently re-
flects only a small fraction of the value of soil as natural capital and as strategic national 
assets worldwide.

Finally, recommendations that connect the scientific evidence and the policy  discourse 
include addressing the policy imperative and profile, the policy discourse and rationale, 
the necessary advocacy and institutional support and governance (Table 1).

Table 1. Recommendations for a policy strategy for soil carbon. (From van Wesemael et al., Chapter 5, 
this volume.)

Priority 
message Local scale National scale International scale

Policy 
imperative

• Resource capacity
• Socio-economic 

conditions
• Field production 

conditions

• Land planning
• Economic incentives
• Legal frameworks
• Regulatory mechanisms

Cross-cutting role of soil  
carbon in:

• Food security
• International development
• Climate change

Policy profile 
and 
discourse

• Holistic perception 
of soil fertility

• Economic access 
to resources

• Training programmes
• Public awareness of soil 

as heritage
• Importance of organic 

matter in soil 
 management

• Join fragmented efforts 
together under, for example, 
Global Soil Partnership

• Broaden media communica-
tions to address cultural, 
services, society and 
educational concerns

• Establish an international 
agenda for soil with clear 
goals and steps

Policy 
support

• Collate information on 
cropping systems and 
practices

• Extend this to 
developing regions

• Build local capacity  
to use this information

• Harmonize local Soil 
Monitoring Networks for 
cross-comparison

• Include parameters for 
estimation of soil organic 
carbon content

• Facilitate data exchange 
between regions and nations

• Access to remote sensing 
data

Policy 
rationale

• Develop a methodology to value soil and soil organic carbon as natural capital in order 
to communicate the future value of this resource

Advocates 
and 
institutions

• Scientists must communicate results suitably for policy makers
• Extend soil organic carbon as an indicator beyond the UN Climate Change Convention 

to address conventions on desertification and biodiversity and food and water security

Governance • Develop flexible narratives and discourses that create a strong argument in compelling 
language for multiple policy arenas

• Embed the relevance of soil carbon in all levels of decision making and action, via 
high-profile global accords, national action plans and institutions

• Principles of good governance must underpin all initiatives to prioritize soil  
carbon, particularly those involving incentives, subsidies and penalties
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Abstract
Soil carbon in the form of organic matter is a key component of the soil ecosystem structure. The soil 
carbon content is an important contributing factor in the many flows and transformations of matter, 
energy and biodiversity – the essential soil functions that provide ecosystem services and life-sustaining 
benefits from soil. These goods and services include food production, water storage and filtration, car-
bon storage, nutrient supply to plants, habitat and biodiversity. Soil functions provide natural capital 
as a means of production for the ongoing supply of the essential goods and services. Soil carbon con-
tent and soil functions are under threat worldwide due to resource demands and the increasing in-
tensification of land use. Land degradation is characterized by soil carbon losses, loss of soil structure 
and associated loss of fertility, and the physical loss of bulk soil by erosion. Soil carbon accumulation 
is associated with plant productivity, wet conditions that ensure water supply to vegetation and lack 
of physical disturbance to the soil. Carbon accumulation is also associated with decreased organic 
matter decomposition in the soil, created by cool conditions that reduce the rate of microbial activity 
and wet conditions that create an O2 diffusion barrier from the atmosphere and reduced aerobic micro-
bial respiration during organic matter decomposition. The environmental conditions for the accumu-
lation of soil carbon also provide important clues to management approaches to reverse soil carbon 
losses and to increase soil carbon content under widely different environmental conditions around the 
world. Soil management strategies can be developed from the natural cycling of soil carbon, by redu-
cing physical disturbances to soil, enhancing vegetation cover and productivity and through improved 
water management. These approaches are essential in order to prevent and reverse the loss of soil 
functions where land is degraded and to enhance soil functions where actively managed land is under-
going intensification of use. Improved soil carbon management provides an important opportunity in 
land management worldwide, to meet increasing resource demands and to create resilience in soil 
functions that arise from the intense pressures of land use and climate change.

1 The Global Challenge for Soil Carbon

 Steven A. Banwart*, Helaina Black, Zucong Cai, Patrick T. Gicheru,  
Hans Joosten, Reynaldo Luiz Victoria, Eleanor Milne,  

Elke Noellemeyer and Unai Pascual
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Introduction

By 2050, the world’s population is ex-
pected to reach 9.6 billion (United Nations, 

2013). This enormous demographic pres-
sure creates four major global challenges 
for Earth’s soils over the coming four 
 decades.
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This ‘4 × 40’ challenge for global soils is 
to meet the anticipated demands of human-
ity (Godfray et al., 2010) to: 

 1. Double the food supply worldwide;
 2. Double the fuel supply, including renew-
able biomass;
 3. Increase by more than 50% the supply of 
clean water, all while acting to
 4. Mitigate and adapt to climate change and 
biodiversity decline regionally and world-
wide.

The demographic drivers of environ-
mental change and the demand for biomass 
production are already putting unprecedented 
pressure on Earth’s soils (Banwart, 2011). 
Dramatic intensification of agricultural pro-
duction is central among proposed meas-
ures to potentially double the global food 
supply by 2050. An urgent priority for ac-
tion is to ensure that soils will cope world-
wide with these multiple and increasing de-
mands (Victoria et al., 2012).

Soils have many different essential 
life-supporting functions, of which growing 
biomass for food, fuel and fibre is but one 
(Blum, 1993; European Commission, 2006; 
Victoria et al., 2012). Soils store carbon 
from the atmosphere as a way to mediate at-
mospheric greenhouse gas levels; they filter 
contaminants from infiltrating recharge to 
deliver clean drinking water to aquifers; 
they provide habitat and maintain a micro-
bial community and gene pool that decom-
poses and recycles dead organic matter and 
transforms nutrients into available forms for 
plants; they release mineral nutrients from 
parent rock; and they store and transmit 
water in ways that help prevent floods. These 
functions underpin many of the goods and 
services that can lead to social, economic 
and environmental benefit to humankind. 
Specific land uses can create trade-offs by 
focusing on the delivery of one or a few of 
these functions at the expense of others. 
Under the pressures of increasingly inten-
sive land use, when decisions are made on 
land and soil management, it is essential to 
protect and to enhance the full range of the 
essential life-sustaining benefits that soils 
provide.

The build-up of organic matter and car-
bon is one of the key factors in the develop-
ment of ecosystem functions as soil forms 
and evolves. Thus, carbon loss is one of the 
most important contributions to soil degrad-
ation. Furthermore, this central role of carbon 
across the range of soil functions establishes 
a buffer function for soil organic matter 
whereby loss of soil carbon results in a de-
cline in the soil functions, and maintaining 
or enhancing soil carbon confers  resilience to 
these under pressure from environmental 
changes (van Noordwijk et al., Chapter 3, this 
volume). In the ensuing chapters of this vol-
ume, significant detail is provided to illus-
trate and quantify the uniquely central role of 
soil carbon in the delivery of ecosystem ser-
vices and the opportunity that this presents 
in managing soil and land use positively to 
enhance the multiple benefits that soil car-
bon provides. Set against these opportunities 
to reverse, conserve and even enhance soil 
functions is the operational cost implied in 
the proactive management of soil carbon.

The global soil resource is already 
showing signs of serious degradation from 
human use and management. Soil degrad-
ation has escalated in the past 200 years 
with the expansion of cultivated land and 
urban dwelling, along with an increasing 
human population. Degradation continues, 
with soil and soil carbon being lost through 
water and wind erosion, land conversion 
that is associated with accelerated emis-
sions of greenhouse gases and the burning 
of organic matter for fuel or other purposes. 
Significant degradation has taken place 
since the industrial revolution; recent and 
ongoing degradation is substantial; bulk soil 
loss from erosion remains severe in many 
locations, with the accompanying loss of 
soil functions; and the release of carbon and 
nitrogen from soil as the greenhouse gases 
CO

2, CH4 and N2O continues to contribute to 
global warming (Table 1.1).

The capacity of soils to deliver ecosystem 
goods and services which lead to human bene-
fits, and the degree to which these benefits are 
lost due to soil degradation, varies signifi-
cantly with geographical location (Plate 1). 
The global results in Plate  1 provide a first 
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 indication of the regional and national pres-
sures on soil and the associated trends in the 
gain or loss of soil functions. What is note-
worthy is the broad geographical extent of 
areas associated with strong degradation.

Soil Carbon in Soil Functions and 
Ecosystem Services

The process of adding photosynthate carbon 
to rock parent material and the develop-
ment of subsurface biodiversity and the for-
mation of soil aggregates is the foundation 
of soil development and the establishment 
of soil functions.

Soil forms from parent rock material 
that is exposed at Earth’s surface, receives 
 infiltrating precipitation and is colonized by 
photosynthesizing organisms (Brantley, 2010): 
chiefly plants, but also symbiont algae in 
 lichens and photosynthetic cyanobacteria. 
Organic carbon that is fixed in biomass by 
photosynthesis is rooted, deposited and mixed 
and transported by soil fauna into the soil 
layer, providing carbon and energy for hetero-
trophic decomposer microorganisms. Other 
functional groups of microorganisms trans-
form N, P, K and other nutrient elements of 
decomposing biomass into forms that are 
available to plants for further biological prod-
uctivity. Symbiotic fungi that draw energy 
from plant photosynthate carbon that passes 
from roots create the pervasive growth of 

 hyphal networks. These proliferate when 
they encounter nutrient resources such as P- 
and K-bearing minerals and organic N and P 
in decomposing plant debris. Grazing and 
predator organisms including protozoa and 
soil fauna are sustained by the active micro-
bial biomass. Soil fauna such as worms, ter-
mites, ants and other invertebrates play an 
important role in the initial processing of bio-
mass and for physical mixing and transport 
through bioturbation, particularly at the sur-
face, but for some organisms throughout the 
full depth of the soil profile.

Advanced decomposition of biomass by 
soil organisms yields humic material, which 
chemically binds to the smallest soil particles 
with the greatest surface area per mass: clay 
minerals and Fe and Al oxides. This mineral- 
adsorbed carbon is chemically more stable 
and less bioavailable, and produces a hydro-
phobic coating on the mineral surfaces. The 
smallest particles aggregate into micron-sized 
fragments, and decomposition of fresh organic 
matter by active heterotrophic microorganisms 
produces  microbial extracellular polymers that 
help bind these intermediate aggregates with 
rock fragments, decomposing plant debris, 
biofilms of living microorganisms and  fungal 
hyphae and root surfaces (Tisdall and Oades, 
1982; Jarvis et al., 2012, and included refer-
ences). This bound mixture of mineral, dead 
and living biomass and pore fluids, forms lar-
ger aggregates, resulting in a system called 
soil structure, which produces a pore volume 

Table 1.1. Global soil carbon fact sheet. (From Banwart et al., 2014.)

Amount of carbon in top 1 m of Earth’s soilb

2/3 as organic matter
Organic C is around 2× greater C content than Earth’s atmosphere

2200 Gt

Fraction of antecedent soil and vegetation carbon characteristically lost from  
agricultural land since 19th centuryc

60%

Fraction of global land area degraded in past 25 years due to soil carbon lossd 25%
Rate of soil loss due to conventional agriculture tillagee ~1 mm year–1

Rate of soil formatione ~0.01 mm year–1

aGlobal mean land denudation ratef 0.06 mm year–1

Rate of peatlands loss due to drainage compared to peat accumulation rateg 20× faster
Equivalent fraction of anthropogenic greenhouse gas emissions from peatland lossg 6% annually
Soil greenhouse gas contributions to anthropogenic emissions, in CO2 equivalentsh 25%

aRate of land lowering due to chemical and physical weathering losses; bBatjes (1996); cHoughton (1995); dBai et al. 
(2008); eMontgomery (2007); fWilkinson and McElroy (2007); gJoosten (2009); h2004 data not including CH4, IPCC (2007).
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distribution that allows both water storage in 
small throats and pores and free drainage of 
water and ingress of atmospheric O2, to sup-
port root and microbial respiration, through 
connected networks of larger pores.

Soil organic matter and soil carbon are 
thus central to all of the underpinning phys-
ical, chemical and biological processes of 
soil functions. At the landscape scale, the re-
sulting transformations and flows of material, 
energy and genetic information are delivered 
as ecosystem services that provide enormous 
benefits for humans (Fig. 1.1). This view of 
the environment is embodied in the concept 
of soil as natural capital that provides a 
means of production for the ongoing supply 
of beneficial goods and services ( Robinson 
et al., 2013). Indeed, Robinson et al. (2013) 
noted soil carbon, along with soil organisms, 
embodied biogeochemical energy and the 
structural organization of soil as the key 
components of this natural capital. This 
view is broadly held through the following 
chapters of this volume and inherently intro-
duces an anthropocentric view of natural 

processes that describes these in terms of 
economic services with an instrumental value 
for human well-being. The latter is not ana-
lysed explicitly, but this departs from a 
broader biocentric perspective of the intrin-
sic value of Earth’s environment and the on-
going processes that it supports.

Drawing on the concepts of ecosystem 
services within the Millennium Ecosystem 
Assessment defines the following services 
arising from soil functions (MEA, 2005; Black 
et al., 2008; Robinson et al., 2013).

 1. Supporting services are the cycling of 
nutrients, the retention and release of water, 
the formation of soil, provision of habitat 
for biodiversity, the exchange of gases with 
the atmosphere and the degradation of plant 
and other complex materials.
 2. Regulating services for climate, stream 
and groundwater flow, water and air qual-
ity and environmental hazards are: the se-
questration of carbon from the atmosphere, 
emission of greenhouse gases, the filtration 
and purification of water, attenuation of 

Land surface
Soil parent
material

Geological
storage of waste

Physical scaffold for landscapes

Scaffold and transmission
of heat Bedrock – mineral nutrient source

Soil layer

Mobile
regolith

Mobile
regolith

SoilWater
table

Bedrock
Bedrock –
mineral
nutrient source

Baseflow

Water filtration
Contaminant attenuation

Carbon storage
Nutrient
transformation

Aerosol transport
Gas exchange

Aquifer

Saprolite

Soil

Lakes and
streams

Food, fibre and fuel
Genetic stock

Gene pool
Biological habitat

Water storage and transmission
Contaminant attenuation

Fig. 1.1. Soil functions and ecosystem services are at the heart of Earth’s critical zone; the thin outer layer 
of the planet that supports almost all human activity. Within this hill slope diagram, the arrows illustrate 
important flows of material, energy and genetic information that support ecosystem services and provide 
essential benefits. These flows create a chain of impact that propagates changes in the aboveground 
environment (e.g. changing climate, land use), via the soil layer, throughout the critical zone. Thus, consider-
ing decisions that affect soil requires understanding consequences along the entire chain of impact; and 
the full consideration of all costs and benefits whether intended or not. (From Banwart et al., 2012.)
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pollutants from atmospheric deposition and 
land contamination, gas and aerosol emis-
sions, slope and other physical stability, 
and storage and transmission of infiltrating 
water.
 3. Provisioning services are food, fuel and 
fibre production, water availability, non- 
renewable mineral resources and as a plat-
form for construction.
 4. Cultural services are the preservation of 
archaeological remains, outdoor recreational 
pursuits, ethical, spiritual and religious  interests, 
the identity of landscapes and supporting 
habitat.

Soil carbon plays a key role in all four clas-
ses of soil ecosystem services. The flows 
arising from environmental processes (Fig. 1.1) 

depend on ecosystem structure, where soil 
carbon is a key component, along with the 
environmental conditions and human inter-
ventions that can influence the produced 
services, goods and benefits strongly (Fig. 1.2; 
Fisher et al., 2009; Bateman et al., 2011; 
Robinson et al., 2013).

Subsequent chapters delve into the 
underlying processes, the impacts of envir-
onmental change, the chains of impact and 
the consequences that arise, and methods to 
intervene in order to influence these  impacts 
beneficially. Decisions on land use and soil 
management that affect the stocks and com-
position of soil carbon therefore incur costs 
and benefits through changes to these eco-
system services. In many cases, the value of 
these changes is not reflected in markets, 

Boundary conditions (e.g. climate; elevation)

Ecosystem structure (e.g. soil texture
and depth, slope)

Primary processes and intermediate
(e.g. nutrient cycling)

Final ecosystem services
(e.g. productive capacity of land)

‘Soil functions’

Non-ecological inputs
(human and manufactured

capital, e.g. labour)

Benefits/goods
(e.g. crop yield or timber/biomass

for fuel production)

Fig. 1.2. Conceptual linkages between environmental drivers, ecosystem structure (cf. Fig. 1.1) including 
soil conditions, the soil processes that produce the environmental flows that characterize soil functions 
and their potential to provide ecosystem services, goods and benefits. (Adapted from Fisher et al., 2009 
and Bateman et al., 2011.)



6 S.A. Banwart et al. 

such that management decisions are made 
without full information on the conse-
quences of change. Such market and infor-
mational failure necessarily leads to the 
suboptimal allocation of effort to conserve 
soil from a social perspective. The failure of 
markets and policy to prevent soil carbon 
loss and land degradation is therefore a key 
component of the global challenge to pro-
vide sufficient life-sustaining resources.

Threats to Soil Carbon

The global stocks of soil carbon are under 
threat (Table 1.1 and Plate 1), with conse-
quences for the widespread loss of soil func-
tions and an increase in greenhouse gas 
emissions from land and acceleration of  global 
warming (Lal, 2010a,b). In many  locations, soil 
functions are already compromised. Some of 
the consequences include increased erosion, 
increased pollution of water bodies from the 
N and P loads that arise from erosion, desert-
ification, declining fertility and loss of habi-
tat and biodiversity. The primary control on 
the global distribution of soil carbon is rain-
fall, with greater accumulation of soil  organic 
matter in more humid regions. A secondary 
control is temperature, with greater organic 
matter accumulation in colder regions when 
otherwise sufficiently humid conditions per-
sist regardless of temperature. Under similar 
climatic conditions, wetter soils help to accu-
mulate soil carbon by limiting rates of microbial 
respiration (Batjes, 2011), since O2 ingress is 
restricted by the gas diffusion barrier created 
by greater water content. Relatively drier con-
ditions favour O2 ingress and aeration of soil, 
thus accelerating soil carbon decomposition. 
Furthermore, physical disturbance such as 
tillage breaks up larger soil aggregates and 
exposes occluded carbon within aggregates 
to O2 and biodegradation, thus creating con-
ditions that allow greater soil carbon loss.

With sufficient water, nutrients and O2 
supply, biological processes are relatively 
faster at higher temperature; hence, greater 
rates of productivity and decomposition. Thus, 
warm, humid conditions favour soil carbon ac-
cumulation due to high productivity, while 
cool, humid conditions favour soil carbon 

accumulation due to low decomposition 
rates. Soil carbon varies substantially geo-
graphically with land cover (Plate 2). For 
example, savannah has relatively low soil 
carbon content but covers a large area glo-
bally. On the other hand, peatlands have ex-
tremely high carbon content but cover less 
than 0.3% of the global land surface. By in-
spection of Plates 1 and 2, it is clear that 
degraded land coincides in large part with 
Earth’s drylands, due to low productivity 
from low water availability and relatively 
high decomposition due to dry, well-aerated 
and warm soils.

From these controls on soil carbon con-
tent, it is clear that predicted changes to 
 regional as well as global climate in the 
coming decades will create important im-
pacts on soil carbon (Schils et al., 2008; 
 Conant et al., 2011). Drier, warmer condi-
tions are expected to coincide with greater 
potential for loss of soil carbon and the 
 associated loss of soil functions. Loss of 
permafrost will expose accumulated carbon 
in cold  regions to much greater rates of 
 microbial decomposition (Schuur and Abbot, 
2011). Furthermore, the demographic drivers 
of more intensive land use raise the pro-
spect of greater physical disturbance of soils, 
e.g. tilling of grasslands. More intense till-
age and greater areas of mechanical tillage 
are expected to coincide with higher loss of 
soil carbon due to greater exposure of soil 
carbon to O2 (Powlson et al., 2011).

Managing Soil Carbon for  
Multiple Benefits

Maintaining and increasing soil carbon 
 content yields substantial multiple  benefits. 
Greater soil carbon helps to maintain soil 
structure by forming stable larger aggre-
gates and larger inter-aggregate pores that 
create greater soil permeability and drain-
age for root growth. Smaller interior pores 
within aggregates, on the other hand, pro-
vide water-holding capacity to sustain bio-
logical processes. Increasing soil carbon 
provides carbon and energy to support mi-
crobial activity, provides a reservoir of 
 organic N, P and other nutrients for plant 
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productivity and creates more physically 
cohesive soil to resist soil losses by phys-
ical erosion and by protecting occluded 
organic matter within the larger aggre-
gates. Carbon that enters soil is removed 
from the atmosphere; any gains in soil car-
bon mitigate greenhouse gas emissions, 
with caveats about impacts on the N cycle 
and N2O production and the production of 
CH4 from the anaerobic decomposition of 
organic matter in waterlogged soils.

The factors that control soil carbon levels 
offer clues to strategies that can maintain and 
increase soil carbon content. Increasing car-
bon levels may be achieved by reducing soil 
carbon losses by measures to reduce physical 
erosion by wind or overland water flow, meas-
ures to prevent the mechanical disturbance of 
aggregates and measures to increase the water 
content of organic soils. Increasing input of 
soil carbon can be achieved by measures that 
increase the aboveground production of vege-
tation, the increased allocation of carbon 
below ground through greater root density 
and associated carbon input and microbial 
biomass, increased plant residue return to soil 
and the addition of imported organic matter 
such as compost.

Soil carbon is lost rapidly when soils 
are disturbed through land-use conversion 
from grassland and forest to arable, and 
when land is drained. However, building up 
soil carbon is slow. The risks of losing soil 
carbon are great because of the potential 
consequences of:

 • the loss of soil fertility and agricultural 
production;

 • increased greenhouse gas emissions 
and accelerated climate change; and

 • diminished soil functions across the 
full range of the ecosystem services de-
scribed above.

There is considerable knowledge and 
data on the role of soil organic matter in 
specific soil functions, particularly related 
to biomass production, water and contam-
inant filtration, and CO2 emissions. There is 
considerably less known about the inter-
actions between soil organic matter, bio-
diversity, transformations of nutrients and 
soil structure, and the physical stability of 
soil structure and aggregates. The know-
ledge of the role of soil carbon, and the ex-
isting methods and innovation potential to 
manage it effectively for this wide range of 
benefits, is collectively substantial but is 
fragmented between many different discip-
lines. The subsequent chapters of this volume 
seek to summarize this wide knowledge base 
and showcase regional examples of beneficial 
management of soil carbon with the  potential 
to expand such practices greatly worldwide.

Beneficial management of soil carbon 
offers the opportunity not only to avoid the 
negative consequences but also to enhance 
the wide range of available soil functions and 
ecosystem services. For these reasons, pol-
icies are essential that encourage protecting, 
maintaining and enhancing soil carbon levels.

A new focus on soil carbon at all 
levels of governance for soil management 
would better enable the full potential of 
soil ecosystem services to be realized. This 
advance is urgent and essential. To meet 
successfully the ‘4 × 40’ challenge laid out 
in the introduction (Godfray et al., 2010), 
there is significant opportunity through soil 
carbon management to help meet the de-
mand for food, fuel and clean water world-
wide. It is also an essential step towards 
soil management that establishes enhanced 
soil functions that last – in order to meet 
the needs of future generations; not only to 
meet the demands anticipated in the com-
ing four decades.
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Abstract
Across the world, soil organic carbon (SOC) is decreasing due to changes in land use such as the conversion 
of natural systems to food or bioenergy production systems. The losses of SOC have impacted crop 
productivity and other ecosystem services adversely. One of the grand challenges for society is to manage 
soil carbon stocks to optimize the mix of five essential services – provisioning of food, water and energy; 
maintaining biodiversity; and regulating climate. Scientific research has helped develop an understanding 
of the general SOC dynamics and characteristics; the influence of soil management on SOC; and 
management practices that can restore SOC and reduce or stop carbon losses from terrestrial ecosystems. 
As the uptake of these practices has been very limited, it is necessary to identify and overcome barriers to 
the adoption of practices that enhance SOC. Actions should focus on multiple ecosystem services to 
optimize efforts and the benefits of SOC. Given that depleting SOC degrades most soil services, we suggest 
that in the coming decades increases in SOC will concurrently benefit all five of the essential services.

The aim of this chapter is to identify and evaluate wide-scale goals for maximizing the benefits of 
SOC on the five essential services, and to define the short-term steps towards achieving these goals. 
Stopping the losses of SOC in terrestrial ecosystems is identified as the overall priority. In moving 
towards the realization of multiple SOC benefits, we need to understand better the relationships 
between SOC and individual services. Interactions between services occur at multiple spatial scales, 
from farm through landscape to subnational, national and global scales. Coordinated national and 
international responses to SOC losses and degradation of the five essential services are needed to 
empower SOC actions at local levels that have benefits on the larger scales. We propose the creation of 
a global research programme to expand the scientific understanding of SOC and its contribution to the 
five essential services. This should address the challenges and uncertainties associated with the 
management of SOC for multiple benefits. This research programme must include a strong education 
and outreach component to address concerns to different communities outside academia.

Introduction

Soil organic matter (SOM) is an essential 
component of Earth’s life support system. 

Soil organic carbon (SOC), which makes up 
half of the SOM by weight, plays a crucial role 
in the regulation of the global carbon cycle 
and its feedbacks within the Earth system 

mailto:g.nziguheba@cgiar.org
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(Trumbore, 1997; Lal, 2003). Humans rely on 
SOC stocks to help meet their needs for food, 
water, climate and biodiversity on our planet 
(Hooper et al., 2000). Land degradation result-
ing in carbon losses is of great concern because 
it threatens our capacity to meet the demands 
of the world population, which is estimated 
to grow to over 9 billion by 2050. The result-
ing increased demand for food, water and en-
ergy will put an increasingly heavy pressure 
on land resources and the global climate.

Scientific research has given us clear and 
compelling evidence that SOC stocks have 
been reduced in many regions of the world, 
with these reductions often associated with 
agriculture and land degradation (Amundson, 
2001; Sanderman and Baldock, 2010). One of 
the grand challenges for society is to manage 
soil carbon stocks to optimize the mix of five 
essential services – provisioning of food, water 
and energy; maintaining biodiversity and regu-
lating climate (Fig. 2.1). These essential services 
and their interaction with SOC could be seen 
in an Anthropocene perspective (Richter, 2007). 
The global changes in SOC provide evidence 
that human activities are indeed having a 

global impact on the Earth system and on these 
five essential services underpinned by SOC.

For this chapter, SOM reflects the range 
of all organic materials found in the soil 
profile that influence the physical (e.g. soil 
bulk density, water infiltration rates), chem-
ical (e.g. pH, nutrients) and biological (e.g. 
biomass, exogenous substrates) properties of 
soils. In this context, SOC can be increased 
by the addition of organic materials into the 
soil profile by means of different management 
for different purposes (Ingram and Fernandes, 
2001; Swift, 2001).

Scientific research has helped develop 
an understanding of both the general SOC 
 dynamics and characteristics and the influence 
of soil management on SOC at different tem-
poral scales. This combined information can 
be used to motivate new research efforts to 
identify and promote best SOC management 
practices at local management units and to 
 facilitate improvements at regional to global 
scales. Moving forward, there is a need to 
identify and overcome barriers to the adop-
tion of practices that enhance SOC. Here, we 
argue for the necessity of an ambitious global 

Biodiversity

Species and functionality
maintenance

Secure quality
and quantity

Soil organic
carbon

Energy

Climate

Water

Increasing
production

Food

Increasing
production

Mitigation of
climate change

Fig. 2.1. Interactions between soil organic carbon (SOC) and the five essential services. Solid lines 
represent links discussed in this manuscript that refer directly to SOC. Dashed lines are interactions among 
essential services to show the interconnectivity.
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research programme to expand the scientific 
understanding of SOC and its contribution to 
multiple environmental services, including 
management options towards the optimiza-
tion of these services. These efforts should 
lead to coordinated national and international 
responses to SOC losses and degradation of 
the five essential services and empower SOC 
actions at local levels but be beneficial at larger 
scales. Thus, in moving towards the realiza-
tion of multiple SOC benefits, we need to 
understand better the relationships between 
SOC and individual services to achieve long- 
term goals through new policy regulation and 
the research and development of economic 
incentive schemes.

The aim of this chapter is to identify 
wide-scale goals for maximizing the benefits 
of SOC on the five essential services and to 
define the short-term steps towards achiev-
ing these goals. First, we discuss the current 
knowledge on SOC and identify the feed-
backs between increasing SOC and the five 
essential services. Second, we define the 
main long-term (next 25 years) challenges 
and uncertainties for managing SOC. We rec-
ognize that 25 years is not long term for soil 
carbon processes but is long term for policy 
and management actions towards maximiz-
ing the five essential services. Third, we out-
line a set of priorities and actions that will 
begin to move us towards optimizing the mix 
of benefits from these five essential services.

Wide-scale Goals and Urgent  
Actions

Food production

It is known that conventional agriculture 
 reduces SOC in surface layers by up to 50% 
compared with natural vegetation (Jolivet et al., 
1997; Mishra et al., 2010). In many parts of 
the world, degradation resulting from human 
activities has reduced the capacity of land to 
produce food. Underlying this degradation 
and declining agricultural productivity is 
the loss of SOC (Lefroy et al., 1993; Cheng 
et al., 2013). It is estimated that, on one-quarter 
of the global land area, soil carbon losses 

have caused a decline in productivity and in 
the ability to provide ecosystem services (Bai 
et al., 2008). In light of these facts, the goal is 
to increase and sustain food production to 
meet the demand of a growing population at 
both the local and global scale while in-
creasing and sustaining SOC and the ser-
vices it provides.

Soil organic C is imperative for food 
production because several SOC-related pro-
cesses govern the availability of nutrients, 
water and toxins that control plant growth 
(Bationo et al., 2007). Soil carbon is the source 
of energy and substrate for soil microorgan-
isms, which in turn regulate the decompos-
ition and mineralization/immobilization 
processes responsible for nutrient availability 
(Insam, 1996; Bot and Benites, 2005). Soil 
organic C also improves the structure of soils 
by increasing the formation of soil aggre-
gates, which enhances water infiltration and 
retention, thus reducing nutrient losses 
through leaching and runoff (Rawls et al., 
2003; Blanco-Canqui and Lal, 2007).

It is important to acknowledge that the 
challenges faced in terms of increasing food 
production vary considerably across the 
globe. Increasing food production is particu-
larly urgent in areas where current levels of 
food production are far below the potential 
levels (i.e. mainly in food-deficient regions 
such as sub-Sahara Africa). Food-deficient 
regions are characterized by low crop and 
livestock productivity, due mainly to soil 
degradation resulting from intensive land 
exploitation without adequate inputs of 
 nutrients and from overgrazing (Drechsel 
et al., 2001). Low SOC affects vital soil func-
tions such as nutrient cycling and microbial 
activity, both required for nutrient availabil-
ity to crops. Current initiatives for fighting 
hunger in line with Millennium Develop-
ment Goal 1, such as the African Green 
Revolution, need to take increasing SOC as 
a core component of interventions to ensure 
an efficient use of inputs and a sustainable 
increase of food production. Management 
practices that increase SOC and food pro-
duction include fertilization, crop rotation, 
reduced tillage, organic matter addition, fal-
low, cover crops, agroforestry and improved 
livestock management.
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Food-secure regions, predominant in 
developed countries, are often characterized 
by excess nutrient inputs in their farming 
systems, which can affect other ecosystem 
services negatively through pollution and 
greenhouse gas emissions (Csathó et al., 
2007; Vitousek et al., 2009). Optimizing and 
sustaining current and future food produc-
tion by maintaining the functionality of soils 
and minimizing the negative impact on 
other ecosystem services must be the major 
aim of a bold new programme of technical 
research and agricultural land management.

Water

Land use affects the quality and quantity of 
water strongly in many watersheds (Swal-
low et al., 2009). One of the most important 
water pollution problems related to land 
use are the excess nutrients applied for agri-
cultural production but which flow into 
surface and coastal waters (Ahrens et al., 
2008). Nitrate and phosphate contamin-
ation are well-known examples, but also 
pesticides enter both groundwater and sur-
face-water bodies. Nutrients in surface waters 
can cause eutrophication, hypoxia, algal 
blooms and other infestations (such as of 
water hyacinth), which have been observed 
in coastal areas and many inland water bod-
ies on all continents (Swallow et al., 2009; 
Mateo- Sagasta and Burke, 2010). Water pol-
lution has increased with the increased use 
of mineral fertilizers and higher concentra-
tions of livestock (FAO, 2011). In light of 
these facts, the goal is to ensure the provi-
sion of sufficient quantity and quality of 
water needed for multiple uses by increas-
ing SOC.

Soil organic carbon and protective vege-
tative cover are critical to maintaining the 
quality and quantity of water available for 
human consumption and plant production 
in the long term, because SOC determines 
soil properties that regulate in multiple ways 
the hydrological pathways within the soil. 
Soil organic carbon increases soil aggre-
gates, which improves water infiltration and 
decreases the susceptibility of soil to water 

and wind erosion (Blanco-Canqui and Lal, 
2007). The decrease in runoff and increase 
in infiltration contribute to recharging aqui-
fers, and to preventing water pollution by 
decreasing the transport of nutrients and 
other contaminants to fresh waters. Soil or-
ganic carbon also improves water quality by 
acting as a filter of herbicide and pesticide 
residues and other pollutants that contam-
inate water reservoirs and streams (Lertpai-
toonpan et al., 2009; Rodriguez- Liébana 
et al., 2013).

At the catchment scale, practices that 
increase SOC are required to improve water 
recharge (quantity) and purification (qual-
ity). In the short term, regulations at national 
or subnational levels, mainly in developing 
countries, must stimulate water erosion 
control measures in order to reduce the pol-
lution of stream water and the effects of 
disasters such as hurricanes on the down-
stream population and infrastructure and to 
ensure the availability of potable water for 
human consumption (Bradshaw  et al., 2007; 
Brandimarte et al., 2009). Adequate prac-
tices for increasing SOC at the catchment 
scale must be adopted by the farmers of the 
catchment area. Farmers could be grouped 
in farmer organizations, advised by experts 
from local, national and international insti-
tutions, including private organizations, and 
legally regulated and stimulated by the gov-
ernment. Practices to increase SOC that can 
be implemented immediately to reduce run-
off and increase water infiltration include 
no till, cover crops, agroforestry, afforest-
ation and others, complemented by specific 
technologies like terraces, contours and 
strip cropping (Mishra et al., 2010; Powlson 
et al., 2012). The cumulative effects of these 
and newer practices are hot topics for re-
search. Land tenure policies that favour 
increases in SOC are needed to accompany 
these practices, particularly at the catch-
ment level.

Once regulations are implemented, 
there is a need to monitor changes in SOC, in 
order to quantify its effects on the improve-
ment of water quality and quantity. This 
should include the monitoring of the water 
table, hydrological regime and sediment 
loads in stream water. The results of this 
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monitoring can be used to advise farmers, 
professionals and policy makers, as well as 
for education purposes at different levels.

Energy supply

Increasingly, plants are being grown to pro-
duce bioenergy, especially as the price of 
fossil fuels increases and efforts to miti-
gate climate change grow. The use of bio-
mass for energy production is considered a 
promising way to reduce net carbon emis-
sions and mitigate climate change (Don 
et al., 2012). The role of biomass in energy 
supply is expected to rise dramatically over 
the coming decades as cellulosic biofuel pro-
duction becomes widespread. Reilly et al. 
(2012) project that an aggressive global bio-
fuels programme could meet 40% of the world’s 
primary energy needs by 2100. A large land 
area, perhaps as much as 21 × 106 km2, would 
be required to produce biomass fuel crops 
at this large scale (Wise et al., 2009; Reilly 
et al., 2012). In light of these facts, the goal 
is to increase biomass fuel production to 
meet the demand for energy while increas-
ing SOC.

As for food production, sustainable 
biomass fuel crop production will rely on 
an increase of SOC as a driver of processes 
regulating nutrient availability for use by 
these crops. However, land-use change to 
biomass fuel crops, particularly the conver-
sion of native vegetation or peatlands, can 
result in carbon emissions from soil and 
vegetation in amounts that would take dec-
ades or centuries to compensate (Anderson- 
Teixeira et al., 2009; Gasparatos et al., 2011). 
The potential losses of soil carbon can coun-
teract the benefits of fossil fuel displacement 
to the extent that biomass fuels from drained 
peatlands lead to emissions that, per unit of 
energy produced, exceed by far those from 
burning fossil fuels (Couwenberg, 2007; 
Couwenberg et al., 2010).

Maintaining or increasing biomass fuel 
production per unit area will require the care-
ful management of soil carbon stocks over 
vast areas of the global landscape. Soil carbon 
management must be considered explicitly 
in carbon accounting efforts associated with 

biomass fuel production. This accounting 
should include both indirect effects on land 
use and fertilizer use and its consequences, 
including the release of nitrous oxide, a 
powerful heat-trapping gas, to the atmosphere 
(Melillo et al., 2009).

There is also evidence that some native 
vegetation (e.g. native grassland perennials) 
for biofuels could provide more usable bio-
energy, larger reductions of greenhouse gas 
emissions and less agrichemical pollution 
than if the land were to be converted to pro-
ducing annual bioenergy crops (Tilman et al., 
2006; Don et al., 2012). Targeting degraded 
lands for biomass fuel production has been 
suggested as a potential way to reduce com-
petition with food production and the 
negative effects of clearing natural vegeta-
tion and forest, particularly if perennial 
biomass fuel crops were grown (Kgathi 
et al., 2012). These perennial crops, if well 
identified, could contribute to increasing 
SOC on those degraded lands. There is 
therefore a need for full cycle analyses of 
biomass fuel production technologies and 
management regimes that take full account 
of the losses and gains of SOC (Davis et al., 
2009; Gnansounou et al., 2009). Research 
should focus on monitoring the impact of 
land-use change for biomass fuel crop pro-
duction on SOC losses and gains for proper 
guidelines on management for long-term 
benefits.

Biodiversity

Soil carbon is a primary ecosystem energy 
source that underpins the structure and 
function of terrestrial ecosystems, and thus 
the capacity of these ecosystems to main-
tain biodiversity. As illustrated in Fig. 2.2, 
decline of SOC comes as a second threat to 
soil diversity (Jeffery et al., 2010). Add-
itionally, most of the other identified threats 
such as soil compaction and soil erosion 
are related to SOC losses and can be counter-
acted by an increase of SOC. Restoration 
projects around the world demonstrate that 
increasing SOC in degraded soils enhances 
not only biodiversity per se but also a range 
of ecosystem goods and services that can 
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benefit local people and wider communities 
(George et al., 2012). The goal here is to 
maintain or enhance the biodiversity of 
ecosystems by increasing SOC.

To date, conservation efforts to halt on-
going losses of global biodiversity have 
largely ignored critical interactions between 
the above- and belowground components of 
biodiversity. In part, this reflects a historical 
lack of information on the detailed compos-
ition and biogeography of soil communities. 
The application of molecular methods in 
large-scale surveys has begun to address this 
knowledge gap (Coleman and Whitman, 
2005). The soil is estimated to be the largest 
terrestrial reserve of biodiversity (Fitter 
et  al., 2005), with over one-quarter of the 
species on Earth living in the soil (Jeffery 
et al., 2010). The soil biota make up a com-
plex food web consisting of microorganisms 
(e.g. bacteria, fungi, archaea, protozoa) through 
invertebrates (from nematodes to earthworms 
and termites) to mammals and reptiles (e.g. 
moles, snakes).

Soil biodiversity is important to soil qual-
ity since it has critical functional roles in the 
cycling of nutrients, organic matter and water, 
and in regulating soil structure, greenhouse 
gas fluxes, pest control and the degradation of 
pollutants. It is the presence of functional 
groups rather than taxonomic richness that 

appears to be important in soil C dynamics 
(Nielsen et al., 2011). Some of the main 
functional groups include litter fragment-
ers, decomposers of complex organic com-
pounds, nitrifiers/denitrifiers, methanogens/ 
methanotrophs and ecosystem engineers. 
Although we know these groups exist and 
we are rapidly gaining understanding about 
their roles in above- and belowground pro-
cesses (Cornelissen et al., 2001; van der 
 Heijden et al., 2008; Strickland et al., 2009), 
we still lack the ability to predict how, when 
and where these functional groups determine 
the capacity of soils to capture and store car-
bon and exchange greenhouse gases (Hunt 
and Wall, 2002).

This soil system derives its primary 
 energy from carbon substrates obtained 
from root exudates, direct photosynthesis 
and the decomposition of organic matter 
from litter and plant roots. Thus, the quan-
tity and quality of soil carbon is a key factor 
in determining the structure and activity of 
the soil  community, and vice versa (Schulze, 
2006). Changes in agricultural practices for 
food, livestock or bioenergy production af-
fect SOC and disrupt both the below- and 
aboveground biodiversity. Practices to in-
crease or maintain biodiversity include 
the protection of natural resources, halt-
ing land-use changes that  affect natural 
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vegetation and the restoration of degraded 
lands, all of which result in maintaining or 
increasing SOC.

Climate

Soils play a major role in the global carbon 
cycle, the dynamics of which have a large 
effect on Earth’s climate system. Today, the 
top 1  m of soil worldwide contains about 
twice as much carbon in organic forms as 
does the atmosphere, and three times as 
much as does the vegetation (Batjes, 1996). 
Over the past three centuries, land clearing 
and land management for agriculture have 
resulted in the acceleration of soil organic 
matter decay and the transfer of more than 
100  Pg carbon from the soil to the atmos-
phere as carbon dioxide (CO2) (Sabine et al., 
2004). In light of these facts, the goal is to 
mitigate climate change by practices towards 
ecosystem-level carbon sequestration includ-
ing increasing SOC.

The extraction of peat and its use 
as fuel, litter or a soil improver has also 
 resulted in substantial transfers of CO2 
(>20 Pg C) to the atmosphere over the same 
period (Gasparatos et al., 2011; Leifeld et al., 
2011). Once in the atmosphere, CO2 has a 
long half-life and it functions as a powerful 
heat-trapping gas that is the  primary cause 
of the global temperature  increases (IPCC, 
2007). These temperature  increases, in turn, 
accelerate SOC decay and create a self- 
reinforcing feedback, with warming begetting 
further warming (Heimann and Reichstein, 
2008).

Practices that increase SOC, such as 
mulching and reduced tillage, increase and 
retain soil moisture, providing resilience to 
in-season rain shortages (dry spells), which 
are expected to occur more often in some re-
gions as a consequence of climate change. 
The management of global soil carbon stocks 
with best practices has the potential to in-
crease the magnitude of the SOC pool over 
decadal timescales to help mitigate climate 
change and climate variability. Two major 
soil science and management challenges are 
to: (i) minimize further losses of SOC to the 
atmosphere; and (ii) increase the soil carbon 

stocks. These two goals apply to the problem 
at local (catchment) and global scales, and in 
the short term as well as the longer term.

Interactions and Trade-offs  
Between Services

As illustrated above, there are many wide-
scale goals and short- and long-term actions 
that must be implemented to meet growing 
human demands for food, water, energy, cli-
mate change mitigation and biodiversity 
in the coming decades at local and global 
scales. Soil organic carbon is central to these 
essential services and could be an import-
ant determinant of maintenance, buffering 
and enhancement of the supply of many 
ecosystem goods and other services under 
changing socio-economic and environmen-
tal conditions, as implied by the interactions 
in Fig. 2.1. Soil organic carbon, as a key com-
ponent in ecosystem functioning, provides 
a useful mechanism to address jointly the 
threats to various ecosystem services. A focus 
on SOC enables us to set out the interactions 
between individual services and to assess ap-
propriate synergies associated with actions 
to enhance SOC from local to global scales.

Actions affecting SOC long-term goals 
will inevitably have interactions and feed-
backs. For example, as previously discussed, 
one interaction is between SOC and cli-
mate. In this case, management that induces 
SOC losses contributes to increasing green-
house gas concentrations in the atmosphere, 
which in turn will increase air temperature 
and create a feedback by accelerating SOC 
decomposition and further losses (Heimann 
and Reichstein, 2008). Actions focusing on 
increasing the provision of one ecosystem 
service individually often impact various 
other ecosystems services negatively. We 
must learn from the past, where a focus on 
single services has led to significant re-
ductions in the supply of other services 
(Tilman et al., 2006; Don et al., 2012). Typical 
examples are the focus on agriculture in-
tensification for food production, which has 
led to water pollution and losses of biodiver-
sity due to excess nutrients and pesticides 
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(Chappell and LaValle, 2011), and the clear-
ance of native vegetation or drainage of 
peatlands for biomass fuel production, which 
also led to losses of biodiversity, water qual-
ity and quantity and contributed to climate 
changes through significant release of CO2 
to the atmosphere (Bessou et al., 2011). 
 Focusing land management towards a range 
of benefits rather than one single benefit (as 
is often done) is a way forward in minimiz-
ing trade-offs and maximizing synergies. It is 
also proposed that losses in SOC have in-
creased the vulnerability of these services to 
climate change (Reilly and Willenbockel, 
2010; Don  et al., 2012). Thus, restoring, in-
creasing or protecting SOC could play a 
major role in buffering ecosystem goods and 
services in the future.

One view of interactions is that each 
essential service has an optimal operational 
range of SOC (Fig. 2.3). For example, while food 
production can, and continues to, operate at 
relatively low levels of SOC, there is a gen-
eral hierarchy with other services requiring 

higher levels of SOC to be maintained ef-
fectively and for people to reap the benefits. 
The window for sustainable livelihoods is 
defined as the optimum range of C stocks 
that are adequate to supply all essential ser-
vices. Currently, we are operating at SOC 
levels far below these windows, as demon-
strated by global losses of biodiversity and 
problems with water quality and quantity 
(Powlson et al., 2011). The boundaries to 
these operational limits will vary at the local 
scale but ultimately are tied by the global 
potential to store SOC. As the current stock 
of SOC is below the optimal stock from a 
societal perspective (Fig. 2.3), managing 
soils for multiple services implies working 
towards levels of SOC that will allow all 
services to be delivered adequately.

Interactions between services occur 
at  multiple spatial scales, from local (e.g. 
farm) through landscape (e.g. catchment) to 
subnational, national and global scales. 
The inducement of most interactions takes 
place at farm and catchment scales, where 
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people can implement management. The 
implications of the local management of 
SOC and its interactions with environmen-
tal services can have broader significance. 
Nowadays, given the degraded status of 
SOC in most managed soils and the ongoing 
threats to soils rich in carbon (e.g. peatlands, 
tropical forests), there are clear and imme-
diate synergies between services in terms of 
SOC management. For example, at the farm 
level in low-carbon agricultural soils, there 
could be far-reaching co-benefits such as in-
creased crop productivity, reduced runoff 
for water protection, enhanced soil bio-
logical functions and carbon sequestration. 
Therefore, increasing SOC could include 
landscape-derived benefits from water qual-
ity and quantity improvements and benefits 
from maintaining biodiversity by restoring 
soils and habitats. At the global level, im-
proved farm- and catchment-level manage-
ment to increase or maintain SOC could 
translate into a mitigation action for cli-
mate. However, none of the positive roles of 
increasing SOC for environmental services 
would be understood without scientific 
research. Therefore, a synergy must exist 
between academic institutions, research pro-
grammes and local communities to create 
public awareness and to communicate rele-
vant findings quickly.

Uncertainties and Challenges

Across the world, there is evidence that man-
aged soils have decreased their SOC due to 
changes in land use such as the conversion  

of natural systems to food or biofuel pro-
duction systems (Leifeld et al., 2011; Powl-
son et al., 2011). The losses of SOC have 
 adversely impacted crop productivity and 
other ecosystem services such as water re-
sources, biodiversity, bioenergy and climate 
regulation (Bai et al., 2008). Much is known 
about management practices that can restore 
the organic matter contents of soils and can 
reduce or stop carbon losses from terrestrial 
ecosystems. In many regions and cropping 
systems, relatively small changes in land 
management practices can have relatively 
large impacts on SOC and its derived bene-
fits. However, the adoption of these man-
agement practices has been very limited. 
There is an urgent need for identifying and 
overcoming the barriers to the adoption of 
practices that enhance SOC through appropri-
ate policies, investment and land-use plan-
ning at various scales. Furthermore, tools are 
needed to enhance the measurement and 
analysis of the costs and benefits/valuation 
of various practices and farming systems on 
the range of ecosystem services at various 
temporal and spatial scales, including the 
economic, social and environmental bene-
fits of increasing SOC.

Given that most soils and services can 
benefit from reversing their depleted state of 
SOC, we suggest that in the coming few dec-
ades increases in SOC will concurrently im-
prove the five essential services (Fig. 2.1). 
However, the potential of soils to increase 
SOC is dependent on time and is con-
strained by different factors (Fig. 2.4). It is 
known that under given climatic, substrate, 
relief and hydrologic conditions there will 
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be biophysical limits to how much carbon a 
soil can store naturally. However, the know-
ledge on a soil’s inherent capacity to seques-
ter carbon is absent, as natural reference 
soils are missing as a result of intensive land 
use. The biophysical limits are further con-
strained by land-use routines, which often 
have a strong historical/traditional bearing 
and are slow to change.

Economic drivers, in contrast, may change 
the cultivated crop or the land-use type 
(e.g. forest to grassland) rapidly, with pos-
sibly grave consequences for the soil carbon 
balance. Examples of the latter are changing 
market demands for food, fodder and energy 
crops. Changes in policies with implication 
for land use from one cultivation period to 
the next occur quickly and can lead to rapid 
and severe losses of soil carbon, as illustrated 
by governmental biofuel and bioenergy sub-
sidies that stimulate the ploughing of grass-
land for maize cultivation or the drainage 
of peatlands. In view of the various con-
straints, a research management plan must 
be implemented along with management 
actions to monitor and adapt practices and 
goals according to site-specific conditions 
at different spatial and temporal scales. 
We propose to create a global research pro-
gramme that focuses on developing robust 
SOC management and policies for multiple 
benefits across terrestrial ecosystems.

Despite current knowledge on SOC pro-
cesses, there are still multiple uncertainties 
and challenges for the management of SOC 
that call for a research action programme. 
Uncertainties include, but are not limited 
to: the quantification of synergies between 
the different benefits of SOC, defining critical 
thresholds for achieving gains by individual 
and multiple benefits, and establishing the 
time frame needed to reach the level re-
quired for significant impact on an environ-
mental service. In addition, the significance 
of change in SOC towards a social benefit is 
not well understood. Research is needed to 
measure and assess better the supplies and 
benefits of SOC for agricultural productiv-
ity, water, biodiversity, bioenergy and cli-
mate regulation. Other uncertainties of im-
portance include the precise rates of change 
in SOC, especially across the full rooting 

zone of the soil system, and the quantifica-
tion of the impact of future land conver-
sions to agriculture, the abandonment of de-
graded land and deforestation on SOC. 
Finally, the lack of methodologies for quan-
tifying the effects of land management and 
SOC on multiple benefits is a handicap for 
promoting initiatives towards enhancing 
SOC stocks. However, these uncertainties 
should not stand in the way of the critical 
need to increase SOC and of research that 
runs across terrestrial ecosystems (Seastedt 
et al., 2008).

The research community is exploring a 
wide range of technologies to reduce uncer-
tainty on the benefits of SOC. A variety of 
geographic information system (GIS) tools 
and ecosystem models are being used to 
 explore the spatial interactions between 
 services from fields and across landscapes 
(Hayes et al., 2012; Aide et al., 2013). These 
tools and models can be used to identify 
where one service negates the ability to 
have other services (in the past, agriculture 
and biodiversity conservation). Such tools 
could be expanded to include SOC. The key 
limitations here are effective representation 
of soil carbon–services relationships, suffi-
cient data to represent these services over 
space and the capacity to predict changes to 
interactions over time. While there is evi-
dence of the positive impact of management 
practices for enhancing SOC on some ser-
vices such as food production and water 
quality at local (plot) and catchment level, 
other services such as climate regulation occur 
at a larger scale (subnational, regional or 
global) and are even more difficult to quan-
tify. Despite these uncertainties, failing to 
act towards increasing SOC on the basis of 
limited current scientific evidence is much 
more dangerous than the risks associated 
with continuous decline in SOC stocks.

Finally, an overriding challenge is the 
communication between scientists, policy 
makers and the public. Educating the public 
about the critical importance of SOC to 
food, water, bioenergy and climate requires 
a revolution in communication, specifically 
about the multiple benefits of SOC for daily 
life. Translating knowledge of the management 
and benefits of SOC into communications 



20 G. Nziguheba, R. Vargas et al. 

that inform and engage with societal debates 
and values can be a key part of the network 
of scientific and education centres. There-
fore, a global research programme to reduce 
the uncertainty associated with SOC man-
agement across terrestrial ecosystems must 
include a strong educational and outreach 
component to address practical concerns to 
different communities outside academia.

Priorities and Actions

We argue that the overall priority is to stop 
losses of SOC in terrestrial ecosystems. To 
achieve this goal, we insist that there is a 
need to create a global research programme 
to address the challenges and uncertainties 
associated with increasing SOC for multiple 
benefits. The fundamental science questions 
should focus on reducing the uncertainties 
associated with large-scale assessments and 
the monitoring of SOC change and benefits 
at local and global scales. Therefore, urgent 
actions and new approaches are needed to 
answer key multi-purpose and multi-scale 
relationships, thresholds and trade-offs be-
tween soil carbon and the essential services 
(Fig. 2.1). First, we need to understand the 
recovery rates of SOC better as they are usu-
ally non-linear (i.e. have hysteresis effects), 
making it difficult to forecast the effects of a 
decision/management made today. Second, 
research efforts should focus on how to op-
timize the benefits of soil carbon across 

various spatial scales where management 
strategies will vary at the farm/plot, catch-
ment and global level. Third, there is a need 
to identify the critical ranges/thresholds of 
SOC losses and recoveries for management 
purposes and to include the ability to esti-
mate the economic value of investments in 
soil carbon. All these fundamental research 
priorities must inform public and economic 
interests and provide information for policy 
and actions towards reducing soil carbon 
losses. Finally, any of these priorities will 
not be possible without committed long- 
term funding support and missions by na-
tional research agencies and international 
organizations.

We propose that these research efforts 
should be linked with specific goals and 
priorities and actions tailored towards each 
one of the five essential services (Table 2.1). 
Here, we discuss specific goals for each 
 essential service.

In order to meet the increasing food 
 demand, at both the local and global level, 
there is a need to increase and sustain food 
production through better management of 
soils while improving environment quality. 
For this, current SOC losses must be stopped 
and practices to increase SOC must be 
adopted, including dormant-season cover 
crops, agroforestry systems, fallows, reduced 
tillage and applications of mulch, compost 
and safe biosolids, and in the case of organic 
soils, paludicultures (Lal et al., 2007; Smith 
et al., 2013). Examples include the proposed 
climate-smart agriculture approach, which 

Table 2.1. Summary of wide-scale goals and urgent actions for the five essential services related to  
soil organic carbon.

Environmental 
service Long-term goal Priority/action

Food Increase food production Reduce soil organic carbon losses substantially
Water Secure sufficient water quantity  

and quality
Restore hydrological pathways
Improve water infiltration
Prevent water pollution

Energy Increase biofuel production Increase biomass production considering full carbon cycle
Biodiversity Maintain or enhance below-  

and aboveground biodiversity
Protect ecological hotspots
Restore habitats

Climate Mitigate climate change Stop losses of soil organic carbon
Increase soil organic carbon
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aims at enhancing food productivity while 
 reducing greenhouse gas emissions and en-
hancing SOC sequestration (FAO, 2013).

In order to enhance water quality and 
quantity, increases in SOC must be targeted 
to restore hydrological pathways, improve 
water infiltration management and prevent 
water pollution (Ahrens et al., 2008; Thomas 
et al., 2009). Soil and water conservation 
measures are required to accompany SOC 
management practices, particularly on slop-
ing lands.

In order to increase immediate energy 
production to meet local demands, we have 
to focus simultaneously on maximizing the 
yield of bioenergy crops while preserving or 
restoring natural ecosystems and soil carbon 
stocks. Policies on biofuels and the installa-
tion of instrumentation for harvesting alter-
native energy (e.g. wind and solar power) 
need to be evaluated in light of their effects 
on soil carbon. For example, the initial con-
version of land for biofuel production can 
result in immediate carbon loss, and the 
 establishment of large deployments of solar 
and wind power could affect soil carbon 
storage (Anderson-Teixeira et al., 2012).

In order to enhance biodiversity, new 
management practices that minimize damage 
and stimulate soil biological activity (e.g. re-
duced tillage, incorporation of plant residues, 
cover crops, careful pesticide use) must be 
applied. In the longer term, we must have 
sufficient understanding about the global 
distribution and role of soil biodiversity in 
ecosystem function, in particular carbon dy-
namics, to develop and implement sound 
guidance and policy. Efforts should be tar-
geted towards the protection of ecological 
hotspots, habitat restoration and maintaining 
genetic and functional soil biodiversity (Carney 
and Matson, 2005; Pickles et al., 2012).

To address climate change and propose 
climate mitigation strategies, SOC losses 
must be minimized through appropriate land- 
use practices. These include slowing and 
eventually eliminating the conversion of 
natural ecosystems such as forest to agricul-
tural uses, slowing and eventually eliminating 
the use of drained peat soils and slowing 
and eventually eliminating the use of peat 
as an energy source and a raw material for 

horticultural substrates. Increases in soil 
carbon stocks can be achieved through the 
careful management of agricultural soils, in-
cluding the use of reduced tillage, through 
the implementation of paludicultures on 
organic soils and through afforestation 
(Smith et al., 2008; Tschakert et al., 2008; 
Joosten, 2012).

Furthermore, efforts should be directed 
to communicate better in new ways to the 
general public and policy makers the value 
of increasing SOC. Thus, there is a high pri-
ority to increase the communication and 
education of SOC to permeate into the policy 
realm and the action plans of local managers/
farmers. These actions could lead to public 
and transparent reports that communicate 
the state (gains or losses) of SOC and address 
needs accurately at the local or national 
scale. In fact, this simple reporting mechan-
ism could be seen as an analogue of the gross 
domestic product (GDP) used as an economic 
development indicator. Such mechanism 
will require new monitoring, verification 
and reporting schemes for the regulatory, 
 research and economical purposes of soil 
carbon. This chapter highlights that one of 
the most significant underlying reasons for 
lack of investment in SOC is the mismatch 
between short- and long-term objectives in 
land management (see also Chapter 4, this 
volume). It follows that irrespective of the 
favourable long-term economic case for in-
vestment in soil carbon, such investments 
are unlikely to come about without policy 
intervention. Soil carbon could be promoted 
through the payment of ecosystem schemes 
to reduce the intertemporal trade-offs between 
short- and long-term objectives. Ultimately, 
we emphasize that any of these priorities 
cannot be attained without extensive educa-
tion efforts on the benefits of SOC to increase 
public understanding of the need to protect 
soils around the world.

Conclusions

This chapter has highlighted the need for 
managing SOC to optimize the mix of five 
essential services – the provisioning of food, 
energy and water, regulating climate and 
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maintaining biodiversity (Fig. 2.1). The interac-
tion of SOC with these services shows that 
they are interconnected and that actions fo-
cusing on single services, without consider-
ing SOC, impact other services negatively. 
This calls for a systems approach in order to 
maximize the benefits on all relevant spatial 
and temporal scales (Figs 2.3 and 2.4).

We highlight the wide-scale goals and 
urgent actions towards maximizing the 
benefits of SOC (Table 2.1) and conclude 
that the critical priorities are centred on 
stopping the current losses of SOC. This re-
quires the involvement of various players at 
local, national and global levels. We pro-
pose that in order to quantify better the 
benefits of SOC, there is a need for complete 
analyses of the potential actions towards 
each of the services, including economic, 
political and environmental implications. 
Such analyses aim at assessing both the im-
pacts of the actions on each individual service 
and the co-benefits or adverse impacts on 
other services. This is needed to maximize 
SOC gains and to optimize essential services.

We recognize the key uncertainties in 
managing SOC towards the essential services. 

However, we conclude that these uncer-
tainties should not stand in the way of the 
critical need to increase SOC. We propose 
to take advantage of current scientific know-
ledge on SOC characteristics, its dynamics 
and complexity, and managements that af-
fect it, to direct research efforts towards key 
missing areas and to improve knowledge 
and practices towards the long-term goals of 
increasing SOC.

A new vision of soil carbon science that 
enhances the understanding of the policy 
and economics of soil services is needed ur-
gently. Such vision will help create a better 
public understanding of SOC and its soci-
etal benefits, which is needed to develop 
policies that protect soils around the world. 
Therefore, we call for a global research and 
education programme focused on the mul-
tiple benefits of SOC and with a strong 
 outreach component to share the findings 
and communicate practical concerns with 
different communities outside academia. 
 Finally, we recognize that the proposed 
 research and education programme will not 
be possible without committed long-term 
funding support.
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Abstract
Soils provide important ecosystem services at the local, landscape and global level. They provide the basis 
for crop, livestock and forestry production and help mitigate climate change by storing carbon. With expect-
ations of a growing bioenergy supply to meet global energy demand added to the imperative to feed a global 
population of 9 billion people by mid-century and beyond, coupled with higher per person food demands 
than currently provided, the challenges to keep agricultural and rangeland soils healthy and productive are 
daunting. In this paper, we explore the existence of a common pattern in the use of soils under increasing 
demand for productivity – here described as a soil carbon transition curve: a rapid decline of soil carbon due 
to human clearing of natural vegetation for agricultural land use and management practices, followed by a 
‘crisis’ phase of diminished soil fertility and finally by recovery once agricultural practices improve. We test 
this pattern in its ability to convey the impact of major land-use changes on soils, with examples from arable, 
grazing and forest land in different parts of the world. The initial stage of the curve represents a trade-off 
between extractive productivity (growing crops, extracting biomass, excessive burning and grazing) on the 
one hand and the farm-level, landscape plus global benefits of soil carbon storage on the other hand, based 
on the loss of an initial endowment of soil organic matter. The second, turnaround stage of the curve often 
following a crisis tends to be driven by locally relevant loss of ecosystem services, manifest as flooding, 
pests and crop diseases, erosion and nutrient deficiencies. In the final, recovery stage, local, landscape and 
global benefits coincide, and synergy between local and global stakeholders’ interests dominates the trajec-
tory. In mineral soils used for crop production, recovery generally requires a change in tillage and residue 
management, crop–livestock integration and/or a return of (agroforestry) trees to agricultural landscapes, 
plus maintaining adequate nutrient levels. In grasslands, a control of grazing pressure is generally needed 
in order to recover the vegetation. While global soil carbon storage is linked positively to other ecosystem 
functions in the recovery stage, the magnitude of the services involved differs substantially between soil 
types. Incentives for carbon emission reduction and prevention may be drawn towards a small fraction of 
soils with very high emission potential, especially peatlands, while incentives to maintain or enhance soil 
carbon storage will be most effective for soil in Stages I and II of the transition curve. Increased carbon 
storage to mitigate climate change, however, should not be considered the main purpose for improved soil 
organic carbon management but could be seen as a co-benefit of actions that seek local and watershed- 
level benefits from a full set of improved ecosystem services provided by soil organic carbon.
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Introduction

Soils are – literally and figuratively – the 
foundation of civilization (Janzen et al., 
2011). We derive benefits from soils that are 
essential for humankind and human devel-
opment (Chapter 14, this volume). One of 
these benefits is the production of food of 
the type, quality and quantity to feed a glo-
bal population that will exceed 9 billion by 
2050 (UN, 2011). A key question facing hu-
manity is whether the quality and health of 
our planet’s soils can be preserved while 
providing adequate food for this growing 
population (Lal and Stewart, 2012). Food 
production through crops and livestock can 
(but does not have to) lead to soil degrad-
ation, such as compaction, erosion, loss of 
nutrients and organic matter – depending 
on soil type and management (Chapters 10, 
17 and 21, this volume). In addition, there 
are growing demands for land for various 
non-agricultural uses, such as urban expan-
sion and soil sealing associated with infra-
structure development. Moreover, biofuel 
demands will compete with food produc-
tion for the most productive lands, espe-
cially with potential incentives for substi-
tuting fossil fuels by biofuels as a policy 
measure to mitigate climate change and ease 
energy security risks (Rajagopal et al., 2007; 
Reilly et al., 2013).

Soil formation involves the accumula-
tion, over long periods, of organic carbon, 
which can be depleted rapidly by various 
processes (Victoria et al., 2012). It can be re-
leased in the atmosphere as gaseous carbon 
dioxide (CO2), leaching of soluble organic 
compounds and lost by wind or water ero-
sion (Amundson, 2001; Chapters 6 and 13, 
this volume). These mass transformation 
and transport processes occur at field and 
watershed scales, but are also key compo-
nents of the global cycling of carbon and nu-
trients. Benefits, such as food production 
and food security, that are linked both lo-
cally and globally to soil processes, include 
supporting biodiversity, maintaining water 
quality and contributing to (bio)energy se-
curity (Chapter 23, this volume). They illus-
trate not only the connection between local 
processes and global mass fluxes but also 

that the interactions that may occur can re-
sult in synergies or trade-offs. There are 
many examples of good carbon manage-
ment at the local scale for food, fibre and 
energy production (Chapters 22 and 23, this 
volume). However, in order to improve land 
management for greater carbon storage, we 
need to know better how these processes 
leading to benefits are aligned.

Our hypothesis is that there is a general 
set of local–global feedback processes that 
influence and depend on soil carbon stocks 
and that occur along a chain of impact be-
tween local and global scales. We argue that 
there is an evolutionary pathway of soil 
utilization by humanity at local scales that –  
although differing in detail from place to 
place – has had a commonality over much 
of our history since the dawn of agriculture. 
This pathway, driven by increasing biomass 
production and intensity of land use, has re-
sulted in a loss of soil organic matter, nutri-
ent and water retention and decreases in 
productivity. This pathway of soil degrad-
ation has global implications for food secur-
ity, climate change, biodiversity, water qual-
ity and biofuel production for energy security 
for the entire planet, and is a common thread 
that links soil processes at all scales. The 
variable that is a dominant control and inte-
grates the impacts of environmental change 
across all of the soil functions is the organic 
carbon content in the soil. We now know 
how to manipulate the delivery of soil func-
tions through improved agroecological prac-
tices. Manipulation occurs through methods 
that will enhance soil carbon and the result-
ing benefits it accrues. These benefits 
include greater food production, due to in-
creased nutrient availability in soil organic 
matter, and buffering of water and nutrients, 
which generally supports terrestrial ecosys-
tem productivity, increased organic carbon 
sequestration and greenhouse gas mitiga-
tion (Minasny et al., 2011; Chapter 1, this 
volume).

We explain the evolutionary pathways 
of local land management as a series of soil 
carbon transition curves showing local and 
global implications for soil functions and 
ecosystem services. The local and global de-
cisions and consequences are subsequently 
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linked through a conceptual model of land 
(soil) degradation and its recovery. Finally, 
we integrate these concepts to derive policy 
implications for global environmental sus-
tainability, while defining and seeking syn-
ergies between soil functions that develop 
through increasing soil carbon stocks.

Land-use Change Pathways and Soil 
Carbon Transition Stages

Local and global benefits and critical  
soil services

Land-use decisions are driven by the ex-
pected benefits and costs from the perspec-
tive of the primary land owner, but they can 
be shaped by rules and incentives that reflect 
external stakes in how land is managed. The 
benefits that humans derive from agroecosys-
tems can be analysed under four groups of 
ecosystem services: provisioning (allowing 
the harvesting of ‘goods’), regulating, cultural 
and supporting services (MA, 2005). Many of 
these are related to soil organic matter con-
tent and are often described collectively as a 
state of ‘soil health’ (Chapter 14, this volume) 
or as soil functions (COM(2006) 231, 2006). 
Table 3.1 gives examples of ecosystem ser-
vices, distinguishing benefits at three scales: 
local (the level at which the primary land 
users operate), landscape or watershed, and 
global scale (cf. Chapter 15, this volume).

In search of ways to mitigate climate 
change, the potential of soil to sequester CO2 
at the global level has put a spotlight on the 
multiple and substantial benefits that can be 
achieved through increasing soil carbon 
stocks worldwide (UNEP, 2012a). Additional 
benefits of soil carbon, beyond carbon stor-
age for mitigation of greenhouse gas emis-
sions, arise principally from the central role 
of soil organic matter in a range of soil func-
tions that include food production, filtering 
water, transforming nutrients and maintain-
ing habitat and biodiversity (Chapters 1 and 14, 
this volume). The role of soil carbon in de-
livering benefits at each scale can be assessed 
by considering the impact chain; the link-
ages between sets of biological, chemical and 
physical processes that propagate the impact 

of local changes in soil carbon stocks through 
the environment. This impact chain begins 
with the understanding that soil function is 
related intimately to soil structure – the for-
mation of water-stable soil aggregates that 
can be influenced positively by increasing 
soil carbon stocks (Chapter 6, this volume) 
(Fig. 3.1).

Water-stable aggregates provide phys-
ical protection and regulate habitat for all 
sizes of biota and the associated transform-
ation of carbon and nutrients within the 
soil, increasing nutrient availability due to 
improved soil drainage and aeration, as 
well as energy for microbial heterotrophic 
processes and belowground biodiversity 
(Chapters 1, 8 and 11, this volume). The 
synergy of the above physical, chemical and 
biological characteristics leads to higher 
land productivity, improved water infiltra-
tion and retention, and nutrient transform-
ations, among other processes. Good soil 
structure (i.e. high amounts of water-stable 
aggregates) improves the capacity of soils to 
resist changes, offering a buffering function 
(or resilience), resulting in improved regu-
lation of the processes that sustain soil 
functions and services (Box 3.1).

Fundamental to the above is the recog-
nition that an impact chain exists for each 
of the ecosystem services listed in the rows 
of Table 3.1. These impact chains link 
changes in soil organic matter to the deliv-
ery of benefits at different scales. Narratives 
of a number of these impact chains have 
been outlined in the literature, demonstrat-
ing that gains and losses in soil organic 
matter at the local level generally are ex-
pected to lead to an associated gain or loss 
of benefits for a range of services at the 
local, landscape and global levels (Victoria 
et al., 2012). If this correlation generally 
holds, it implies a wide-ranging (water and 
nutrient) buffering role for soil organic mat-
ter (Chapter 8, this volume).

Soil carbon transition stages

Most of the ecosystem services that are 
linked to soil carbon are aligned positively 
with soil organic matter content, and thus 
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Table 3.1. Ecosystem services for human well-being at various scales as related to soil organic carbon. 
(From authors, using various chapters in this volume.)

Ecosystem 
services Local scale

Landscape/watershed 
scale Global scale

Provisioning Harvested yield based on: 
(i) decay of soil organic 
matter that supplies 
nutrients that feed into 
crop, timber, animal yield; 
or (ii) sustainable soil 
management

Local/regional value 
chainsa: conversion, 
transport, consumption

Global value chainsa for 
conversion, production 
and consumption of 
food, fibre and 
bioenergy

Soil biodiversity (e.g. 
mushrooms, termites), 
peat as fuel source

Value chainsa for specific 
products

Value chainsa for specific 
products

Soil drainage, surface 
water, groundwater 
supplies for local use

Aquifers, drainage network, 
hydraulic conductivity, 
lateral flow of water

Blue and rainbow water 
relations (van 
Noordwijk et al., 2014)

Regulatory Microclimatic effects 
through water balance, 
albedo, wind

Mesoclimatic effects 
through wind, albedo and 
water balance, and 
based on vegetation, 
surface properties of soil 
and soil moisture storage

Terrestrial carbon 
storage, which plays a 
role in the global 
carbon cycle as a part 
of the global climate 
system

Infiltration of water, 
buffering of soil water

Regulating stream and river 
flow

Reduced erosion (water 
and wind)

Reduced sedimentation Reduced impacts of river 
sediment flux on, for 
example, coral reefs, 
aquatic life/fish stocks

Nutrient buffering Regulated nutrient exports Limited lacustrine 
coastal and marine 
zone eutrophication

Water buffering (pH, 
sediment, chemical load)

Water quality

Biological buffering: pest 
and disease control

Reduced pest and control 
agent dispersal and 
migration

Protection of global 
biodiversity, reduced 
damage/losses

Ecological plant protection 
measures

Reduced agrochemical 
exposure

Reduced trophic 
chemical accumulation

Cultural Sense of place (linked to 
vegetation, productivity, 
metaphor of ‘being 
rooted’); stewardship; 
ecological knowledge

Cultural diversity (including 
indigenous) linked to 
integrity of ecosystems; 
religious expression; 
archaeological and 
landscape value 
connecting to history

Cultural value of food 
and water; wealth 
creation, global 
heritage

Supporting Soil formation: soil structure 
and stability

Sedimentation control, soil 
formation and soil 
diversity; peatland 
subsidence and 
associated saltwater 
infiltration

River basin and coastal 
sediment budgets, 
including mangrove 
wetlands

aValue chains are the way producers and consumers are linked by processing, transport and other forms of value 
addition, generally with financial flows in return for material goods or value addition through information, quality control or 
risk insurance.
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with each other. There is one notable excep-
tion, however. Many traditional agricultural 
systems derive their productivity from the 
nutrients mineralized during the decom-
position of soil organic matter. Many food 
systems and regional economies have been 
based on such resource use, without a con-
current replenishment of the soil organic 
matter. In this first stage of human land use, 
a negative trend in soil carbon stocks is 
linked functionally to a positive result, 
namely agricultural production or harvested 
yield. However, the depletion of nutrients 
for crop production through enhanced soil 
carbon decomposition has limits. When soil 
organic carbon stocks become very low, the 

soil structure collapses, and soils become 
very susceptible to erosion, compaction and 
flooding due to poor drainage. The US Mid-
west dust bowl of the 1930s marked the end 
stage of grain production living off the prairie 
soil organic matter stocks and started a 
search for more sustainable soil management 
that increased soil carbon stocks (see discus-
sion below). This pattern of decline followed 
by either a crash or a timely switch to more 
sustainable land management practices ap-
pears to be a common story across continents 
and ecological zones. The curve describing 
this story of transitions in soil carbon can be 
divided into three stages – Stage I: ‘the fall’, 
Stage II: ‘the dip’ (or collapse) and Stage III: 
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Fig. 3.1. Example of an impact chain that relates changes at the small scale of soil aggregate dynamics 
at the soil surface to long-term carbon storage at the global scale, with many further relationships 
unspecified.

Box 3.1. Quantifying the buffering function of soil organic matter 

Under the heading of regulating functions, Table 3.1 includes a number of references to ‘buffering’. 
Soil organic matter increases the soil’s water-holding capacity in the plant-available range, and hence 
increases the buffering of vegetation against irregular rainfall or irrigation. It also binds nutrients and 
buffers plants against irregular nutrient inputs or mineralization. Organic matter may also increase 
root development and rooting depth, making vegetation more buffered. This buffer is no substitute for 
long-term shortfalls in supply, however. In advanced horticultural systems with fully regulated water 
and nutrient supply, there is no need for soil as such, as the buffer functions have been substituted. 
In  a generic way, buffering is defined on the basis of its effect on a response variable of interest. 
Technically, the reduction of variance (1 – variance with/variance without) is a measure of buffering, 
independently of how it is achieved (van Noordwijk and Cadisch, 2002). The conceptual definition of 
buffer can be expressed quantitatively in mathematical models of coupled soil processes that use 
measured soil properties and where state variables correspond to flows of material and energy at the 
different scales of impact. This type of calculation quantifies the resilience of ecosystem services that 
are provided by these flows (biomass, nutrients, clean water, etc.) against changes in environmental 
conditions.
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‘the rise’ (Fig. 3.2). The latter is a stage of 
rebuilding soil carbon stocks while main-
taining or increasing agricultural produc-
tion. The general pattern of ‘degradation – 
crisis – recovery’ in the soil carbon transition 
curve is similar to what has been referred to 
as the ‘forest transition curve’ (Meyfroidt 
and Lambin, 2011) or ‘tree-cover transition 
curve’ (van Noordwijk et al., 2011).

Diversity of soils and land use

Figure 3.2 represents a conceptual framework 
to guide thinking and help develop site-specific 
conceptual models to assess risks and explore 
solutions. Any claim of a generic, repeatable 
pattern such as depicted in Fig. 3.2 is chal-
lenged by the vast diversity of soil types and 
forms of land use. The guidelines of the Inter-
governmental Panel for Climate Change (IPCC) 
for national greenhouse gas inventories pro-
vide a grouping of soils with respect to their 
soil organic matter content and dynamics 
that may represent the base minimum level 
of classification. It distinguishes three main 
texture classes (high-activity clays, low- 
activity clays, sandy soils) of the main upland 
soil types covering, respectively, 58.4, 14.08 
and 10.05% of total land area, and four classes 
that have considerably higher carbon content 
but represent a much smaller area: spodosols, 
recent volcanic soils, wetlands and peatlands, 

with 1.63, 0.50, 5.27 and 1.47% of land area, 
respectively (Batjes, 2011).

The relative share of these soil groups 
differs between climatic zones, with high- 
activity clays dominating in the temperate 
zone and dry tropics and low-activity clays 
(oxisols and ultisols) dominating the moist 
and wet tropics, where leaching and weather-
ing rates are high (Table 3.2 and Plate 3). The 
mean soil carbon content in the top 30 cm of 
the profile under natural vegetation ranges 
from 9 to 143 Mg ha–1, with tropical dry zones 
having the lowest soil carbon content and 
cooler regions the highest (Batjes, 2011). In 
terms of carbon emissions in response to agri-
cultural land use, the tropical peatlands stand 
out (Chapter 19, this volume). The approach 
for reducing anthropogenic soil carbon emis-
sions may thus differ among soil types and 
climatic zones when the focus is on food 
production and the local benefits of main-
taining or restoring soil organic matter. We 
will explore the diverse experience with the 
three stages of the soil carbon transition curve 
in major parts of the world before returning 
to the issue of generic pattern versus site- 
specific responses.

The Soil Carbon Transition Curve 
in Various Parts of the World

The curve shown in Fig. 3.2 is typical for 
managed soils across all climate zones and 
arable soil types. In general, land-use alter-
ations lead to organic carbon loss and a de-
cline in soil fertility over periods ranging 
from a few years to decades or centuries 
(Stage I). Depending on the local conditions 
and intensity of land use, this initial decline 
is followed by a Stage II, which consists of 
either a collapse or – at best – a stable situ-
ation at low soil productivity. The initiation 
of agricultural practices to increase soil fertil-
ity often marks the beginning of a third stage 
(Stage III), which involves modifications of 
the original soil to bring more nutrients to the 
crops and improve other aspects of soil fertil-
ity. In the following sections, we give a few 
examples illustrative of the stages of impacts 
on both agricultural and rangelands from 
around the world.
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Fig. 3.2. Schematic history of the decline of soil 
organic matter and loss of its associated ecosystem 
services as a result of agricultural production that 
relies on the mineralization of soil organic nutrient 
capital before alternate and more sustainable 
management practices arise.
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Table 3.2. Soil carbon content (Mg C ha–1) in the top 30 cm of the profile under undisturbed natural vegetation for major soil groups and climatic zones, based on 
means of global data sets with standardized methods; peatland data are not included. (From Batjes, 2011.)

Tropical 
montane

Tropical 
wet

Tropical 
moist

Tropical 
dry

Warm 
temperate moist

Warm 
temperate dry

Cool temperate 
moist

Cool 
temperate dry

Boreal
(undifferentiated)

Polar
(undifferentiated)

High-activity clay 51 60 40 21  64 24  81 43  63 59
Low-activity clay 44 52 38 19  55 19  76 – – –
Sandy 52 46 27  9  36 10  51 13 – 27
Spodic – – – – 143 – 128 – – –
Volcanic 96 77 – – 138 84 136 – – –
Wetland 82 49 68 22 135 74 128 – 116 –
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Stage I: Decline in soil productivity 
and carbon

A decline in agricultural productivity has 
been documented historically in different 
parts of the world. One striking example 
comes from the Mediterranean region, where 
the philosopher Plato (427–347 bc) recog-
nized loss of soil fertility in Greece as the 
effect of human action: ‘The rich, soft soil 
has all gone away leaving the land nothing 
but skin and bone’ (Plato, Critias 3.III). Agri-
cultural decline in ancient Greece and Rome 
is characterized extensively by Huges (1994), 
who documented loss of soil fertility through 
concurrent accounts of the problem. Geo-
archaeological surveys confirm the severity 
of the soil degradation Plato lamented about 
(Fuchs et al., 2004).

More contemporary accounts of re-
gional Stage I soil productivity decline has 
been documented in, for example, India. 
Both the Indo-Gangetic Plains and the black 
soil region of India were brought to cultiva-
tion after removing forests. Between 1860–
1920 and 1920–1978, nearly 49.1 and 
59.6 million ha (Mha) of land was brought 
under cultivation (Richards et al., 1993). 
Conversion of land was completed by the 
time the Green Revolution began in 1965–
1966 (Abrol et al., 2002). The Indo-Gangetic 
Plains, covering about 13% of the country, 
produce today nearly half of the food grains 

for 40% of the total population of India. 
However, reports of the land use and soils of 
the Indo-Gangetic Plains indicate a general 
decline in soil fertility, and long-term soil 
fertility studies have shown a reduction in 
soil organic matter and essential nutrients 
(Abrol and Gupta, 1998; Bhandari et al., 
2002). The levelling off of crop yield in the 
Indo-Gangetic Plains following the Green 
Revolution started in the 1980s. This trend 
was linked to soil quality, and specifically 
to a decline in soil organic carbon, with 
levels dropping as low as 0.02% (Abrol and 
Gupta, 1998; Abrol et al., 2002) (for more 
detail see Chapter 28, this volume).

Conversion from native ecosystems to 
intensive agricultural cultivation has caused 
documented carbon losses in China as well. 
The changes in soil organic carbon content 
over time in the fertile black soil region in 
north-eastern China provide direct evidence 
for Stage I (Wang et al., 2002) (Fig. 3.3). The 
soil organic carbon content of the non-culti-
vated black soils (native grass-covered black 
soils) in the area is as high as 87.3 g kg−1. 
However, within the first 20 years of agriculture, 
values dropped dramatically to levels in the 
order of 45 g kg−1 for areas under agriculture. 
Ultimately, after 100 years of cultivation, the 
soil carbon content had been reduced sys-
tematically to 30 g kg−1.

Rangelands have also seen the effects of 
human intervention. Cattle grazing, population 
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Fig. 3.3. Changes in soil organic carbon (SOC) content with the years of agricultural cultivation in the 
black soil region in the Beian area, north-eastern China. (From Wang et al., 2002.)
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growth, inadequate (self-)regulation and in-
creasing demand for food has led to over-
grazing in many African savannah ecosys-
tems (Lal, 2002; Oztas, 2003; Smet and 
Ward, 2006). The intensive use of these 
grasslands has led to the loss of valuable 
grass species (Glasscock et al., 2005), deg-
radation of land cover, decreased carbon 
stocks and the associated decline of soil bio-
logical, chemical and physical quality 
(Teague, 2004; Noellemeyer et al., 2006; 
Savadogo et al., 2007; Steffens et al., 2008; 
Gili et al., 2010). Grazing reduced the total 
organic carbon content in the soils of the 
semi-arid rangelands of central Argentina, 
and specifically in more sandy textures, the 
carbon loss was noticeable (Fig. 3.4).

Semi-arid grasslands have also been 
converted extensively to arable agriculture 
(Priess et al., 2001; Nosetto et al., 2005; 
Coutinho et al., 2008). Especially in warmer 
regions, these conversions have triggered rapid 
and massive losses of soil organic carbon 
(Zach et al., 2006; Noellemeyer et al., 2008).

Stage II: Low or collapsing  
soil productivity

There are a number of examples of very rapid 
soil fertility collapse (Stage II). The dust bowl 
era in the great plains of the central USA is a 

case of extreme degradation of cropland re-
sulting from a combination of environmen-
tal factors and improper farming practices. 
The area was covered by dense native 
grasses with deep rooting systems that had 
stabilized the loess (glacial windblown) 
soils and maintained soil organic matter. 
Deep ploughing to produce wheat crops 
disrupted this cover and reduced the soil 
organic matter contents and water-stable 
aggregates, and exposed tiny loose particles 
at the bare soil surface to wind erosion. 
There were initially good yields associated 
with a wet period in the 1920s, but when 
this area experienced a major drought in 
the 1930s, the dry soil was blown away as 
dust. An estimated 12 cm of topsoil was 
lost from 4  Mha within the dust bowl re-
gion (Montgomery, 2007). The resulting 
collapse of the farming sector led to the lar-
gest population migration in the history of 
the USA, involving hundreds of thousands 
of refugees (Worster, 2004).

Elsewhere, soils formed on loess have 
also exhibited widespread erosion, such as 
in the semi-arid regions of South America 
and South-east Asia (Chapter 13, this vol-
ume). Although erosion is a natural phe-
nomenon in a semi-arid climate, it has been 
enhanced significantly by removal of the 
natural vegetation and cultivation (Shi and 
Shao, 2000).
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Arable and rangeland soils in semi-arid 
environments are vulnerable to wind ero-
sion (Hevia et al., 2007; Li et al., 2008) and 
can exhibit compaction and other physical 
problems (Hamza and Anderson, 2005; Cas-
tellano and Valone, 2007), leading to dimin-
ished productivity and higher risk of crop 
failure (Stage II). Within this context, intrin-
sic soil properties, such as texture and min-
eralogy, and environmental conditions (spe-
cifically climate) affect the resilience or 
buffer capacity of soils to mitigate the deg-
radation processes triggered by Stage I land 
use. Soils with high clay contents in semi- 
arid tropics sequester more soil organic car-
bon (Bhattacharyya et al., 2000, 2006), and 
therefore might be better buffered against 
the impacts of declining soil organic car-
bon, whereas sandy soils, even in temperate 
climates, will degrade more rapidly and 
are more prone to collapse (Noellemeyer 
et al., 2006).

Stage III: On the road to recovery

After decades of decline, Minasny et al. 
(2011) documented an increase in soil car-
bon in agricultural lands across the island 
of Java, Indonesia, in the past two decades. 
They attributed this to the effects of soil 
conservation plus increased intensity of 
cropping, which resulted in higher root in-
puts to the soil.

Table 3.3 shows the changes in carbon 
stock of the selected benchmark locations in 
the Indo-Gangetic Plains of India in 1980 
and 2005, reflecting a positive response to 
improved methods of cultivation. In gen-
eral, the increase in soil organic carbon 
stock was higher in semi-arid and subhu-
mid dry portions of the Indo-Gangetic Plains. 
Carbon stock changes in the soils of selected 
benchmark spots in the black soil region 
due to intensive agriculture are also evi-
dent, but the relative increase of soil organic 
carbon is larger in the Indo-Gangetic Plains 
than in the black soil region (Bhattacharyya 
et al., 2008). The application of fertilizer 
and a combination of fertilizer and farm-
yard manure has increased the soil organic 
carbon stock. This observation, found in 

many experimental sites, was also evalu-
ated by a modelling exercise (Bhattacharyya 
et al., 2007a).

Changes in soil organic carbon stocks 
of paddy soils in China indicate that the 
total stock of carbon stored in the upper 
30 cm of soils increased from 2.51 Pg in 
1980 to 2.65 Pg in 2008, with an average se-
questration rate of 5.0 Tg carbon per year 
(Xu et al., 2012). This notable increase of 
soil organic carbon stocks occurred mainly 
between 1980 and 1994, and was associated 
with an increase in chemical fertilizer ap-
plications. After 1994, the level of soil or-
ganic carbon stocked in the soil became 
relatively stable, with only a slight upward 
trend observed, although the use of chem-
ical fertilizer still increased (Xu et al., 2012).

In central Argentina, the introduction 
of no-till agriculture facilitated agricultural 
management for carbon accrual (Alvarez 
and Steinbach, 2009). Even when plant res-
idues were partially removed by grazing, 
no-till soil maintained and recovered soil 
organic matter (Quiroga et al., 2009).

Adequate grazing management can 
also reverse the degradation process and 
lead to a stabilization or even accumulation 
of soil organic carbon. This is done mainly 
through rotational grazing schemes that 
allow plant debris to be accumulated on the 
soil (Savory and Butterfield, 1998; Hooker 
and Stark, 2008) or through revegetation 
strategies (Jiao et al., 2011). Higher net pri-
mary productivity achieved through fertil-
ization and improved arable and pasture 
crops contributes to higher residue returns 
and a more positive carbon budget (Hole-
plass et al., 2004).

In vast regions of agricultural land 
around the world, no-till agriculture was 
introduced which facilitated the accumula-
tion of soil organic carbon in arable soils 
(Alvarez and Steinbach, 2009; Chapter 23, 
this volume). Nevertheless different land-use 
types condition the amount of soil organic 
carbon they can possibly attain, and consid-
erably lower soil organic carbon contents are 
typical for cash crop production in  inten-
sive arable agriculture as compared to, for 
example, animal husbandry systems in exten-
sive grasslands (Berhongaray et al., 2013). 
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The restoration potential for soil  organic 
carbon is dependent on soil and climate fac-
tors. In general terms, high-clay soils will 
recover more carbon (Riestra et al., 2012), 
while the capacity of sandy soils to recover 
is far more limited and in many cases 
will not be able to attain the original levels 
of soil organic carbon. Zach et al. (2006) 
showed that in the semi-arid Pampas, sandy 
soils levelled off rapidly in their carbon 

sequestration rate: within just a few years 
(Fig. 3.5).

In the cases described, the general trend 
for soil organic carbon to decrease has come 
to a halt due to the introduction of improved 
crop management, which includes better 
use of mineral and organic fertilizer and 
more timely and less aggressive tillage since 
herbicides are available to control weeds 
that before had to be eliminated by tillage.

Table 3.3. Changes in carbon stock with time, comparing 2005 with 1980 in selected benchmark spots in 
the Indo-Gangetic Plains and the black soil region, India (0–150 cm). (From Bhattacharyya et al., 2007b.)

Bioclimatic  
systems

Mean annual 
rainfall
(mm)

Benchmark 
spots

Production system (further 
details in Bhattacharyya et al., 
2007b)

SOC stock
(Mg ha–1) SOC 

change over 
1980 (%)1980 2005

Indo-Gangetic Plains
Semi-arid 550–850 Phaguwala Irrigated rice–wheat/mustard/

potato/fodder
33.6 54.8 63

Ghabdan Irrigated rice–wheat/mustard/
wheat–mustard intercropping

26.3 70.4 167

ZarifaViran Rice–wheat/mustard 41.3 53.8 30
Fatehpur Rice–wheat for four decades 11.1 55.0 395
Sakit Rice–wheat for about 12 years 40.5 85.5 111
Dhadde Rice–wheat/mustard, 

sugarcane
44.7 58.4 31

Subhumid 850–1200 Bhanra Rice–wheat/mustard, etc 18.1 53.4 197
Jagjitpur 25.2 87.6 248
Haldi Rice/maize/soybean–wheat 85.5 62.8 –26

Humid >1200 Hanrgram Rice–rice 69.3 110.2 59
Madhpur Rice–mustard/potato–rice 39.9 49.7 25
Sasanga Rice–mustard/potato–rice 52.5 84.2 61

Black soil region
Arid <550 Sokhda Cotton–pearl millet/sesame 111.9 92.0 –18
Semi-arid 550–850 Asra Rain-fed mustard/intercropping 

system
62.9 135.9 116

Teligi Monocropping of rice; lowland 
rice; 7–8 months fallow

74.1 152.0 105

Semla Cotton–groundnut rain-fed 
system

157.8 132.8 –16

Vijaypura Rain-fed groundnut–finger 
millet (3-year rotation 
period)

77.0 77.0 0

Kaukantla Rain-fed castor + pigeonpea 
strip cropping

47.1 102.5 118

Patancheru Fallow land under continuous 
native grassland

83.9 167.2 101

Subhumid 850–1200 Kheri Irrigated soybean–wheat 
production double-cropping 
system

56.2 105.1 87

Linga 96.6 129.2 34

SOC, soil organic carbon.
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Local versus global effects of land use

Land degradation, and specifically a decline 
in soil organic carbon, is a typical – if not 
universal – accompaniment of, or at least 
the initial stages of, human land occupa-
tion. The curve seems a reasonable approxi-
mation of reality at all locations supporting 
human agriculture and grazing; however, in 
many locations, the degradation has been 
stepwise, interspersed with partial recov-
ery. Given the scale of human modification 
of the planet, it is probable that in aggregate 
these local and regional impacts can have 
global consequences. Over the past three cen-
turies, 30–50% of global land surface and 
more than half of the extent of fresh water 
has been used by humans (Crutzen, 2002; 
Zalasiewicz et al., 2010). Croplands and 
pastures now rival forest cover as the major 
biome on Earth (Foley et al., 2005).

Given the extent of our manipulation, it 
is reasonable to conclude that the total sum 
of local and regional changes on the planet-
ary landscape will add up to global effects. 
For example, the sum of soil organic carbon 
declines associated with Stage I of the curve 
of Fig. 3.2 is thought to have contributed to 
the overall increase of CO2 in the atmos-
phere (Smith et al., 2013). Specifically, soils 
contain vast reserves (~1500 Pg) of organic 

carbon, about twice the carbon dioxide in 
the atmosphere and nearly three times as 
large as the carbon stocks of vegetation. His-
torically, soils in managed ecosystems have 
lost a significant portion of this carbon (40–
90 Pg) through land-use change – from 
which some carbon has remained in the at-
mosphere. On the other hand, the capacity 
for increases in soil organic carbon during 
Stage III has the potential to sequester sig-
nificant amounts of carbon to help mitigate 
the post-industrial rise in atmospheric CO2. 
These competing possibilities present pol-
icy makers and scientists alike with import-
ant challenges and trade-offs, which will be 
discussed below.

Turning Trade-offs into Synergies  
at Local and Global Scales

Connecting the stages of the soil  
carbon transition curve

The previous section concluded that the 
soil carbon transition curve provided a con-
ceptual framework for the dynamics of the 
decline and recovery of soil carbon in many 
agricultural land-use trajectories around the 
world. Agricultural productivity is achieved 
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Fig. 3.5. Sequestration of pasture-derived C4-C (mg C g−1 bulk soil) with time of pasture introduction on 
original C3 vegetation. (From Zach et al., 2006.)



38 M. van Noordwijk et al. 

during the mineralization of organic carbon, 
and specific practices exist that can subse-
quently drive a turnaround that leads to in-
creased carbon content. In this final section, 
we will discuss to what degree the many 
local soil carbon transition scenarios add up 
to a global pattern and what it implies for 
the local, national and global policy making 
that may be wanted or needed in order to 
manage the trade-offs stage of the curves 
and the choices to be made in order to en-
able recovery in Stage III, balanced with 
avoided damage in Stage I.

Qualitatively, the soil carbon transition 
curve paradigm aligns with agroecological 
experience from around the world, but the 
quantities involved in soil under the natural 
vegetation at the start of the curve (Fig. 3.2), 
the relative and absolute decline in Stage I 
(10–80%, depending on cropping practice 
and length of time), the thresholds of land 
abandonment in Stage II and the rates of re-
covery in Stage III can vary considerably. 
New questions arise: over what period can 
Stage III recover half of the Stage I losses? 
Can Stage III exceed the starting point at the 
farming system level? It certainly can lo-
cally, as shown by anthrosols (i.e. a soil that 
has been formed or heavily modified due to 
long-term human activity) and home garden 
sites (Chapter 10, this volume) with sub-
stantial organic inputs derived elsewhere in 
the landscape. Organic waste from the local 
processing of agricultural products can also 
be a source of local enrichment beyond that 
achieved by the native vegetation’s inter-
action with climate and inherent soil prop-
erties.

The decline of soil carbon in Stage I is a 
consequence of land management decisions 
that are driven mainly by the opportunity to 
use productive soils, newly converted from 
natural vegetation, where the buffering 
functions provided by high soil organic 
matter content appear to be in excess of 
what is needed or appreciated by the farmer, 
where there has not yet been a build-up of 
soilborne crop diseases and where declin-
ing soil organic matter content provides a 
nutrient source that makes the use of expen-
sive fertilizers unnecessary. While other 
types of mining of natural resources are 

taxed and regulated, this soil resource util-
ization (mining of soil carbon) tends to be 
free, or even stimulated and subsidized by 
governments that see an expansion of agri-
cultural production as key to their develop-
ment strategies. The subsequent decline of 
productivity, loss of soil structure, reduced 
infiltration, initiation of erosion problems 
and emergence of pest and disease prob-
lems tends to be left to the farmer to deal 
with – with land abandonment and migra-
tion to new land as an historical option for 
which the Earth is now too densely popu-
lated.

The examples given in the previous 
section speak of the potential for a rapid de-
cline in soil organic carbon, whereas recov-
ery may be slow. Preventive action on the 
decline is strategic and ultimately econom-
ical from a macro perspective, even if it in-
volves short-term costs. There is a rationale 
for the stakeholders at the watershed or 
landscape scale to influence individual 
farmer decisions to increase infiltration ef-
fectively, if that can reduce the risks of ero-
sion and spillover sedimentation effects, 
leading to loss of watershed functions. These 
influences normally come as a combination 
of three primary policy instruments: regula-
tion, persuasion and incentives (Bemel-
mans-Videc et al., 2003; van Noordwijk 
et al., 2012). Community control over indi-
vidual land access has been the historical 
base of such feedbacks; land-use planning 
and zoning decisions are the current ones – 
contested by a sense that farmers should be 
allowed to do what they want on land that 
they own.

Multiple positive processes occur once 
trajectories change towards enhancing soil 
organic carbon levels during Stage III. As 
the case studies illustrate, there are various 
ways to increase soil carbon levels and deal 
with trade-offs (Klapwijk et al., 2014). 
A wide range of practices/technologies and 
approaches (such as participatory processes 
in a watershed approach) are available to 
realize the potential (Chapter 4, this vol-
ume). An enabling environment is critical 
to allow their adaptation and adoption in 
Stage III. How can policy encourage the actions 
needed to move from Stage II to Stage III? 
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Are the direct benefits to the farmer at the 
local level sufficient; do farmers have long- 
term security of tenure or are regulatory 
actions and/or economic incentives needed 
in order to attain multiple benefits at the 
local, landscape and global levels? A strategy 
may be needed to move the importance of 
healthy, productive soils more to the core 
of mainstream decision making (Chapter 5, 
this volume).

Economic incentives to assist in the 
co-production of public goods often start as 
additional ways to initiate decisions that 
lead into the synergy stage of the soil carbon 
transition curve (Stage III), but they may be-
come seen as entitlements (Swallow et al., 
2009). The question is whether the impacts 
of local soil carbon transition warrant ac-
tion on the global costs/benefits of reduced/
enhanced soil carbon storage, above and be-
yond what makes sense at the landscape 
scale. The concept of a global carbon market 
is built on the idea that it might lead to effi-
cient responses – but a more segmented par-
tial market approach or a compensation/
co-investment approach is an alternative 
(Namirembe et al., 2014; Chapter 31, this 
volume).

One way of turning trade-offs into syn-
ergies is the implementation of good agri-
cultural practice, and increasingly this is 
becoming a precondition for acceptance in 
global commodity trade. Good agricultural 
practice is enforceable in World Trade Or-
ganization rules (as non-compliance is seen 
as an undue subsidy of farming) and as such 
has a much larger reach than the Fair Trade 
model, as exists, for example, in the tea, 
cocoa and coffee markets. The global bene-
fits of increased soil carbon storage may be 
achieved on the back of such market-based 
responses – in ways that are unexpected by 
those who seek measurable increases in soil 
carbon as quid pro quo in targeted soil car-
bon payments. Good agricultural practice 
concepts are location specific. There is, 
therefore, a need to link practices and pol-
icies across scales. One challenge is that 
local decisions are often more focused on 
short-term gain rather than long-term bene-
fits (Chapter 2, this volume). Yet a long-term 
focus is what may be required to move from 

a situation whereby humanity has lived off 
the land for decades without sufficient re-
turns towards sustainable synergistic ap-
proaches to land use, leading to multiple 
ecosystem benefits across scales in both the 
short as well as the long term.

Good agricultural practices for strategic 
areas of high carbon sequestration 

potential

Worldwide, there are three situations that 
have the highest potential for sequestrating 
carbon in the soil. One case is the vast areas 
of degraded agricultural lands in semi-arid 
climates that originally were grasslands, sa-
vannahs or tropical dry forests. The second 
case is tropical wetlands or peats that have 
been drained and cultivated; beyond avoided 
losses, these also have a potential to gain 
carbon when good close-to-natural agricul-
tural practices are carried out. As a third 
issue, temperate draining of wetlands and 
management of subarctic permafrosts are of 
global importance in emission terms.

Taking as an example the semi-arid 
agricultural lands of North America, the soil 
organic carbon contents have diminished 
by, on average, 50% during the arable agri-
culture period. Similar consideration is 
valid for arid land in China, Mongolia, Rus-
sia, Africa and South America. Despite the 
inherently low carbon contents of their 
soils, drylands represent 41% of the global 
land area, with their use characterized as 
45% rangeland and 25% cultivated land 
(MA, 2005). These regions therefore collect-
ively represent the highest potential for car-
bon sequestration. The potential to seques-
ter soil carbon is estimated at 0.4–0.6 billion 
t year–1 if drylands degradation worldwide 
is completely reversed and arrested (Lal, 
2001). This rationale is based on the magni-
tude of previous carbon loss and the intrin-
sic capacity of these soils to accumulate or-
ganic matter – as an indicator of potential 
future gains that are very high in these soils.

Good agricultural practices are at the 
core of realizing the potential to sequester 
carbon in semi-arid arable lands. Bhattacha-
ryya et al. (2007b) have given an overview 
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of some of the techniques and management 
practices that have been applied strategic-
ally in India in arable lands with high car-
bon potential.

‘Subsidizing carbon’ and closing  
the resource loop

Organic matter plays a catalysing role for 
soil structure, nutrient turnover and other 
soil functions. The fundamental strategy of 
restoring soil functions is based on agroeco-
logical land-care practices that entail car-
bon additions. These additions can be either 
through aboveground vegetation (crop–pasture 
rotation, cover crops, intercropping, etc.) or 
through inputs from elsewhere, such as 
urban and industrial organic waste. Typic-
ally, soil ecosystems are restored naturally 
unless they have passed a degradation tip-
ping point. However, this process can take 
decades (Zach et al., 2006; Quiroga et al., 
2009) or centuries (Nikolaidis, 2011). Re-
versing the degradation trend and enhan-
cing soil ecosystem services requires signifi-
cantly more organic matter additions in the 
short term compared to natural to long-term 
restoration conditions, and in most of the 
cases this process of restoration does not 
reach the original level of carbon stocks 
(Zach et al., 2006).

A significant increase in the demand 
for quantities of organic matter as a soil sup-
plement makes the need for organic matter/
nutrient recycling an urgent priority. It can 
also help to reduce resource demand for in-
organic fertilizer sources for nitrogen and 
phosphorus (De Schutter and Vanloqueren, 
2011), as the cost of nitrogen fertilizers – 
which is tied to energy prices for their pro-
duction and security – is rising and global 
phosphate rock reserves are diminishing 
(Cordell et al., 2009; UNEP, 2011a). The glo-
bal demand for organic matter additions 
will require a concerted effort in recycling 
and closing of the nutrient resource loop; 
for example, between urban areas and 
peri-urban areas. It will also require organic 
matter separation at the waste sources, com-
posting of municipal solid wastes and the 
use of biosolids, as well as the collection 

and use of agricultural residues and livestock 
manure. Agroecological practices in conjunc-
tion with active organic matter amendments 
could bring about a synergy and enhance sig-
nificantly the provision of ecosystem services 
and increase in food production globally, as 
illustrated by the African experience, where 
millions of farmers have doubled their yield 
following such practices.

Sustainably closing the yield gap

The ‘yield gap’ is the difference between the 
theoretical plant physiological maxima for 
production in the absence of environmental 
limitations and that which is achieved with 
the help of currently used technology. Cur-
rent, climate-adjusted yields are all simi-
larly in the order of 60% of the theoretical 
maxima for rice in South-east Asia, rain-fed 
wheat in central Asia and rain-fed cereals in 
Argentina and Brazil (Godfray et al., 2010). 
The yield gap is a factor in meeting the 
world demand for food, which is projected 
to double by 2050. The actual projected de-
mand for additional food is somewhat less 
than double, because currently some 30–
40% of food in both developed and devel-
oping economies is lost to waste. It is as-
sumed that efforts to reduce waste will 
become an important factor contributing to 
meeting the projected demand for food 
(Godfray et al., 2010).

Improved crop and livestock manage-
ment are needed to address food security 
issues and restore soil carbon. In doing so, 
there are multiple synergistic benefits: (i) 
the benefit of enhanced nutrient supply to 
crop plants; (ii) improved water use and 
water quality management; (iii) energy 
and carbon inputs to support soil biodiver-
sity; (iv) the buffering role to help mitigate 
the negative impacts of fluctuations in en-
vironmental conditions such as extreme 
weather events and pest infestations; (v) 
reduced soil erosion; and (vi) the co-benefit 
of storing carbon, thereby sequestering CO

2 
from the atmosphere (Bhattacharyya et al., 
2004).

The potential for reduced benefits 
from soil carbon loss during (marginal) 
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land transition (Stage I) means that methods 
to eliminate, or at least strongly mitigate, 
soil carbon loss is a critical challenge to be 
addressed as marginal lands are brought 
into production. The key synergies are: (i) 
gaining local benefits by increasing the in-
come potential from agriculture while miti-
gating external costs to the environment (re-
duced water quality, loss of biodiversity, 
soil erosion); and (ii) contributing to the glo-
bal benefits of meeting the growing demand 
for food and avoiding further losses of car-
bon to the atmosphere. In some cases, these 
synergies will include carbon sequestration 
to mitigate climate change (Box 3.2).

Critical thresholds?

At the local level, some measure of carbon 
stock over time is needed in order to track 
progress along the transition curve. A min-
imum level of carbon is critical for soils to be 
able to deliver multiple benefits (Table 3.1). 
Minimum carbon threshold values have been 
established at the local level; for example, for 
semi-arid Pampas arable lands (Box 3.3). The 
question is whether such a measure could 
also be identified for the global level.

Although it would certainly help to 
gain influence with relevant policy makers 
if quantitative targets for ecosystem func-
tions could be formulated on the basis of 
thresholds (Chapter 29, this volume), at this 
stage there is probably not sufficient science 
evidence to define such thresholds beyond 
specific case studies and locations. Plate 4 
sketches an outline of how thresholds rela-
tive to the carbon levels under native vege-
tation, supposedly aligned with climate and 
soil properties, might differ between func-
tions (cf. Chapter 2, this volume). Local ex-
pertise and expert opinion will be needed to 
estimate threshold values, as formal science 
cannot yet be brought to this level of synthe-
sis in the face of existing variation.

For a number of special soil types, the 
quantities of soil carbon that can be released 
to or sequestered from the atmosphere are of 
the magnitude (or beyond in the case of peat) 
of changes in aboveground carbon stock in 
forests. Global carbon mitigation efforts and 
their potential financial incentives are likely 
to focus on these areas where measurement 
and monitoring costs might be justified by 
the types of changes in carbon stock that are 
feasible. For the 80% of soils outside of 
these special categories, economic incentives 

Box 3.2. Increasing biofuels and food 

The potential for land management to harness carbon storage in the soil for climate change mitiga-
tion, while supporting increased biofuel production to partially replace fossil fuels, has been explored 
through scenario analysis using computational simulation (Reilly et al., 2013). The results suggest that 
specific policy approaches can help to maintain global warming within a 2°C limit during the coming 
decades – a target that is considered to keep warming within safe planetary limits (Rockström et al., 
2009; UNEP, 2011b). The policy scenario allows biofuel production to compete with food production 
within a carbon market that provides incentives to store carbon in the soil and in vegetation and offset 
CO2 emissions from oil and gas. One result projected by this specific policy scenario simulation is to re-
duce marginally the share of land supporting food production, with the consequence of increasing food 
prices. The scenario analysis assumed a 1% year–1 increase in land productivity.

The thought experiment presented in the text above indicates that even if the yield gap can be 
closed through improved agricultural technology and land management, there may well be additional 
requirements for the conversion of marginal lands into agricultural production, with special reference 
to more populous parts of the globe to feed more people. The potential competition of land within a 
highly valued biofuel market, as illustrated by the experiment of Reilly et al. (2013), presents a further 
constraint on food production. The co-benefits of maintaining and enhancing soil organic matter content 
during the conversion of marginal lands for either food or biofuel production are likely to be significant. 
In addition to mitigating soil carbon loss as greenhouse gas emissions during land conversion, the 
co-benefits can contribute to closing the yield gap and to reducing external environmental costs by pro-
tecting water quality and biodiversity and minimizing soil erosion.
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 derived from global carbon storage issues 
will at most be a co-benefit of actions that 
primarily are motivated and financed on the 
basis of local and watershed benefits.

There is a range of threshold values 
where the buffer function of soil organic mat-
ter is affected negatively. With an increasing 
climatic variability, and constant or reduced 
tolerance to the variability of agricultural 
productivity, it is easy to see that both farm-
ers and other stakeholders will need more 
buffering capacity to sustain soil benefits, 
while the actual trend in agricultural systems 
is towards less buffering. The decline of soil 
organic matter as the provider of buffering 
is part of such a broader trend, and the recov-
ery of buffering needs to be part of the answer. 
The answer is not only of interest from a food 
production and climate change mitigation 
point of view, but also from the point of view 
of water quality, regulating stream flow and 
aquifer recharge and supporting below- and 
aboveground biodiversity.

Ecological–technical aspects of buffer-
ing soil water and nutrient availability, 
which influence plant growth and harvest-
able yield, interact with social and economic 
aspects of buffering at the level of livelihood 
strategies of farmers and other land man-
agers. In a rapidly changing world, it is es-
sential to retain the buffering function of soil 
carbon, to sustain benefits and to cushion 
these from global change or shock events.

Conclusions

The analysis presented in this chapter sug-
gests the following:

 • Soil ecosystem functions and services 
can be maintained only if sufficient 

carbon stocks exist in the soil in the 
form of soil organic matter.

 • The ‘threshold’ or ‘transition points’ 
vary with different types of soils and cli-
matic conditions around the world.

 • To maintain soil functions, soils should 
be managed using improved agricul-
tural or agroecological practices that re-
plenish soil carbon.

 • In mineral soils used for crop produc-
tion, recovery generally requires a 
change in tillage and residue manage-
ment and/or a return of trees to agricul-
tural landscapes, plus maintaining ad-
equate nutrient levels.

 • In grasslands, a control of grazing pres-
sure is generally needed in order to re-
cover the vegetation, potentially fol-
lowed by the addition of organic matter 
stocks derived elsewhere.

 • Where low potential/marginal land has 
been converted to agriculture, on-site 
photosynthesis might not generate suf-
ficient organic inputs to the soil to trig-
ger a recovery, and active amendments, 
for example with agroindustrial organic 
waste, might be necessary.

 • Societal changes to collect urban or-
ganic waste for land application are ne-
cessary to recycle sufficient organic 
matter to close the nutrient loop be-
tween urban and rural areas.

In order to integrate efforts and thinking to 
achieve the required management and pol-
icy changes, it may be desirable to work to-
wards a common indicator for measuring 
minimum carbon threshold levels in the 
soil in relation to various functions and 
uses. Soil texture will probably need to be 
included to allow functional interpretation; 
alternatively, as in Plate 4, the carbon level 

Box 3.3. Local indicators for soil organic carbon 

Since soil carbon contents within a region with similar climate, and in soils derived from the same par-
ent material, depend mainly on the proportion of silt and clay size particles and human interventions, a 
good local indicator is the ratio of soil organic carbon content to silt-plus-clay contents multiplied by 100, 
using compatible units for carbon and silt-plus-clay contents (e.g. g kg–1). Indicator values of 4.5 could 
be considered a threshold value below which soil functions would be severely affected, as, for example, 
shown by barley yield decreases below the average (Quiroga et al., 2006).
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under natural vegetation on a similar soil 
in the local climate and hydrology may 
serve as a reference. A recent analysis has 
shown that progress towards meeting en-
vironmental goals and targets over the past 
decades has been very limited (UNEP, 
2012b). However, areas where significant 
progress has been achieved were character-
ized by a clear problem definition, agreed 
goals, specific targets and indicators to 
track progress. As countries and other 
stakeholders prepare themselves to follow 

up on the outcomes of the United Nations 
Conference on Sustainable Development 
(Rio+20), a science-based contribution to 
help develop a target for soil carbon stock 
and mechanisms to track progress towards 
meeting goals in land-use sustainability 
could be an important contribution. This 
effort would fill an important gap in the 
sustainability framework related to land-
use changes and their impact and role in 
climate change mitigation, food security, 
biofuels and water supply.
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Abstract
This chapter addresses the mismatch between existing knowledge, techniques and management 
methods for improved soil carbon management and deficits in its implementation. The paper gives a 
short overview of the evolution of the concept of soil carbon, which illustrates the interactions  between 
scientific, industrial, technical, societal and economic change. It then goes on to show that sufficient 
techniques are available for the large-scale implementation of soil organic carbon (SOC) sequestration. 
A subsequent analysis of the bottlenecks that prevent implementation identifies where issues need to 
be addressed in order to enable robust, integrated and sustainable SOC management strategies.
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Introduction

In this chapter, we address the need for the 
wide-scale implementation of a strategy for 
improved soil organic carbon (SOC) manage-
ment. Such a strategy can be denoted gener-
ally as innovation, but would also include 
new methods of governance. In this paper, 
we define innovation as the improved use of 
novel but readily available methods or tech-
nologies. In addition, it includes a change of 
the current behaviour by managing SOC in a 
different way. A broad range of SOC manage-
ment methods and techniques has been 
proposed and tested. Many have already 
demonstrated their applicability and advan-
tages, including implementation strategies 
(Reicosky, 2003; WOCAT, 2010; Batjes, 2011; 
FAO, 2011). However, there is still a gap 

 between recognition of the positive aspects of 
these innovations and the extent of their im-
plementation. We might ask: what are the 
reasons for delays in implementation? Obvi-
ous impediments are temporal and spatial 
mismatches across scales; that is, long time 
delays and the large physical distance be-
tween the places of implementation and the 
beneficial effects that result. Discrepancies 
between private and social benefits and the 
costs of SOC management are also crucial. To 
be successful, innovations must pass certain 
thresholds in the rate of adoption in order to 
be self-sustaining. The widespread adoption 
of an innovation is influenced strongly by 
cultural, social and economic factors such as 
issues surrounding communication and ways 
of managing the time delay associated with 
the achievement of benefits (Rogers, 1962).

mailto:rfunk@zalf.de
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After a short sketch of the evolution of 
the soil carbon concept, illustrating the 
interactions between scientific, industrial/
technical and societal/economic changes, 
we show that sufficient techniques are avail-
able for the implementation of large-scale 
SOC sequestration. Furthermore, we dis-
cuss the discrepancies between knowledge 
of available techniques and implementa-
tion. An analysis of the bottlenecks to im-
plementation then identifies where decisions 
have to be made in order to enable robust, 
integrated, sustainable and overarching SOC 
management strategies. One example is pro-
vided by the potential to restore SOC stocks 
where they have been depleted on large 
geographical scales, such as the cropland 
soils of the USA (Ogle et al., 2003, 2006, 
2010). The observed increase of SOC in 
these soils can be attributed mainly to the 
conversion of annual cropland to grassland, 
a strategy that has been supported by the US 
federally funded Conservation Reserve Pro-
gram (Ogle et al., 2010).

A Short History of the  
Soil Carbon Concept

A comprehensive and detailed review on 
the history and evolution of soil organic 
matter (SOM) concepts is given by Manlay 
et al. (2007). The concept of SOC (see Chap-
ter 14, this volume, for the distinction be-
tween SOC and SOM) and its importance to 
soil fertility and sustainability is now well 
established in the scientific and the agro-
nomic community. However, this has not 
always been the case. The recognition of 
SOM as a concept is linked closely to the 
understanding of its functions, ecologically 
and in terms of sustainable and productive 
cropping.

The term ‘humus’ was regarded as a 
precursor for SOM. The word ‘humus’ was 
used descriptively for different constituents 
of the soil. Its meaning changed over time 
and varied in different parts of Europe. In 
the 19th century, a more structured ap-
proach to defining the meaning of ‘humus’ 
was taken, with efforts coming mainly from 

forestry research. Different ‘humus hori-
zons’ and their development and functions 
for forest growth were analysed and de-
scribed. At that time, understanding of the 
biological origins of humus began to be 
based on observations of the different hu-
mification stages of organic remains (Man-
lay et al., 2007). The ‘humus principle’ gave 
an even wider, more philosophical and hol-
istic perception of humus, defining humus 
as a principle that signified the relationship 
between ‘the living earth and other organ-
isms’ (Rusch, 1968).

Initial understanding of the role of 
SOM in plant growth did not differentiate 
between plant nutrients and carbon sources. 
It was believed that plants relied on soil as a 
source of carbon (carbon heterotrophy) and 
nutrients. This led to the assumption that 
soils should be tilled as frequently as pos-
sible to grind the soil particles as small as 
possible to enhance plant root uptake. At 
the end of the 18th century, some experi-
mentalists demonstrated the gaseous origin 
of carbon and discovered the role of light in 
photosynthesis. However, their findings were 
highly disputed (Manlay et al., 2007). Dur-
ing that time, and independently of the on-
going dispute, Thaer developed the first 
comprehensive fertilization scheme for sus-
tainable agriculture which was based on the 
whole plant–soil system. Thaer’s systematic 
approach to assess soil fertility and to de-
rive a rational fertilizer scheme included 
factors such as soil texture, lime and humus 
content, crop species, organic fertilization 
management and yield (Feller et al., 2003).

The concept of the cycling of organic 
and mineral substances was central in Lieb-
ig’s humus theory of soils. However, the in-
tegrative role of SOM moved into the back-
ground through the recognition of the role 
of ‘salts in soils’ as plant nutrients. Liebig 
was the first to synthesize this new know-
ledge into his Theory of Mineral Nutrition 
of Plants (Liebig, 1840). Liebig’s concepts 
can be regarded as the basis of modern agri-
cultural science, accelerating the produc-
tion and use of mineral fertilizers. However, 
the role of SOM as vital for plant growth 
was not abandoned completely, and many 
scientists at that time held an intermediate 
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position regarding the role of mineral and 
organic fertilizers (Manlay et al., 2007).

Knowledge of the biogeochemical cycles 
of carbon and nitrogen advanced rapidly 
during the beginning of the 19th century 
when the role of microorganisms in the 
turnover of carbon and nitrogen was dis-
covered. The appreciation of the integrative 
function of SOM was initiated with further 
insights into the role of clay in forming or-
ganomineral complexes and aggregate for-
mation. This cumulated in the works of 
Waksman, who characterized humus as a 
‘source of Human wealth on this planet’ 
(Waksman, 1938).

The widespread industrial production 
of chemical fertilizers improved crop yields 
tremendously, but also led to serious envir-
onmental degradation. The demand for food 
from the explosively growing cities created 
new carbon pathways from the rural pro-
duction areas to the urban centres of con-
sumption, breaking the traditional approaches 
of recycling organic matter. The dust bowl 
of the 1930s painfully showed the unin-
tended consequences of new agricultural 
practices that were unsustainable. Severe 
drought combined with the conversion of 
grasslands to cropland, simplified crop rota-
tion and deep ploughing of virgin soil con-
tributed to the destruction of soil aggregates, 
loss of organic matter and wind erosion of 
topsoil, illustrating the significant relation-
ships between soil, land surface and cli-
mate. In the 1940s, the environmental deg-
radation legacy of the industrial era led to 
renewed interest in SOM research for im-
proving understanding of nutrient cycling 
and ecosystem functioning. The emergence 
of ecosystem science, founded on the con-
cept of energy and nutrient cycling, gave 
momentum to a more holistic approach to 
material and life sciences.

It was during the Industrial Revolution 
that the ‘greenhouse gas effect’ was pro-
posed as a mechanism for controlling the 
temperature of the planet (Arrhenius, 1896; 
Callendar, 1938). The idea was controver-
sial until Keeling et al. (1976) observed a 
rapid rise of CO

2 concentration in the at-
mosphere. The recognition of the linkage 
between atmospheric and soil carbon came 

even later when the exchange between these 
carbon stocks was identified.

With the Millennium Ecosystem As-
sessment (MA, 2005), ecosystem services 
became one of the core issues of modern 
ecology. Ecosystem services comprise the 
wide range of benefits that humans derive 
from ecosystems and provide a conceptual 
framework for sustainable management 
(MA, 2005). The MA distinguishes between 
provisioning, regulating, supporting and 
cultural services. Soils fulfil a wide variety 
of environmental services as a foundation 
for biomass production, a filter and buffer 
for water, an archive of natural and human 
history and an important store of carbon. In 
1997, Daily et al. suggested six major ser-
vices associated with soil organic matter 
(SOM), including physical support, water 
buffering, nutrient retention, waste/OM re-
cycling, soil fertility renewal and regulation 
of element cycling. Schmidt et al. (2011) 
mentioned soil fertility, water quality, ero-
sion resistance and climate mitigation as 
important ecosystem services related to 
SOM. Soil biodiversity is seen as an import-
ant prerequisite for providing high-quality 
soil ecosystem services (Brussaard et al., 
2007). The concept of ecosystem services 
facilitates the assessment of the impacts of 
management (e.g. past innovations such as 
mineral fertilizer use) in an integrated, hol-
istic way.

What Ought to be Done?  
A Summary of Best Practices

Figure 4.1 presents a conceptual model 
change in SOC over time based on the ‘soil 
carbon transition curve’ (Chapter 3, this 
volume). It shows the decline in SOC dur-
ing conventional agricultural land use and 
its degree of restoration depending on the 
chosen carbon sequestration techniques. As 
a result of unsustainable land-use practices 
or disturbance (Fig. 4.1, arrow 1), the con-
tent of soil organic carbon will decrease 
substantially in conventional agricultural 
systems until a lower stable situation, where 
Cinput ~ Coutput, is reached (Fig. 4.1, arrow 2) 
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(Johnson, 1995). Alternatively, in a worst-case 
scenario where Cinput remains smaller than 
Coutput, the system may ultimately collapse 
as described by Lal (2008b) and others 
(Chapter 3, this volume). On adoption of re-
commended management practices (RMPs) 
(Fig. 4.1, arrow 3), whereby Cinput > Coutput, 
SOC levels may again increase until a new 
stable level is reached (Cinput ~ Coutput). This 
‘attainable potential’ can be achieved with 
widely known and tested sequestration 
techniques (Table 4.1). Similar consider-
ations apply when innovative sequestration 
techniques (Fig. 4.1, arrow 4) have to be im-
plemented to reach the next level of restor-
ation, termed maximum potential in Fig. 4.1. 
A rise in carbon content above the natural 
reference (Fig. 4.1, arrow 5) may require new 
unprecedented conditions.

The benefits of increasing SOC content 
in the soil are wide-ranging and well known 
(see Smith et al., 2008; Victoria et al., 2012; 
Bationo et al., 2014; Chapters 10 and 14, 
this volume). Suitable management prac-
tices to build up SOC are those that increase 
the input of organic matter to the soil and/or 

decrease the rate of SOM decomposition 
(e.g. Johnson, 1995; Paustian et al., 1998; 
FAO, 2011). The most appropriate practices 
are site specific, being adapted to soil type 
and land-use system (e.g. Batjes, 1998; In-
gram and Fernandes, 2001). The magnitude 
and rate of SOC sequestration that may be 
achieved depends on several factors, in-
cluding the reference SOC stock (for a given 
land unit), land-use history, soil type (depth 
of soil, clay content and mineralogy, in-
ternal drainage/aeration, soil nutrient status) 
and soil and water conservation practices. 
The total (project) area where intervention 
will take place should be divided into 
homogeneous units (e.g. climate, soils and 
land use) termed ‘strata’. Defining these 
units, i.e. stratification, allows researchers 
to obtain precise estimations at a lower 
cost than treating the entire region as a 
homogeneous unit (see McKenzie et al., 
2002; IPCC, 2006; Ravindranath and Ostwald, 
2008).

Technological land management options 
for enhancing soil carbon sequestration gen-
erally include a judicious combination of:
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Table 4.1. Examples of land-use and soil management strategies to sequester organic carbon in the soil.

System Land-use practices

Land use Afforestation; permanent crops; improved pastures with low stocking rate; 
multiple crop systems; land restorative measures (e.g. use of chemical 
fertilizers, planted fallows, erosion control); conversion of marginal arable land 
to grassland, forest or wetland; restricted or adapted agricultural use of 
organic soils; paludicultures; wetland restoration; intensification of prime 
agricultural land (e.g. erosion control, supplemental irrigation; soil fertility 
management; improved crop assortment; reduction of fallow)

Farming systems Farming systems with high diversity (e.g. mixed farming, agroforestry, 
 silvopastoral and agri-silvopastoral systems)

Tillage Conservation tillage, mulch farming, reduction of plough-intensive systems
Fertility maintenance Judicious use of fertilizers and organic amendments; improving fertilizer use 

efficiency; nutrient cycling through cover crops and planted fallows; enhanced 
biological nitrogen fixation

Pest management Integrated pest management (IPM), selective use of chemicals

1. Tillage methods and residue manage-
ment (e.g. conservation tillage, cover crops, 
mulch farming).
2. Soil fertility and nutrient management 
(e.g. for macronutrients and micronutrients, 
strengthening nutrient cycling mechanisms 
to minimize losses).
3. Water management (e.g. supplemental irri-
gation, surface and subsoil drainage, soil-water 
management, water harvesting).
4. Erosion control (e.g. runoff management 
with terraces, vegetative barriers, soil sur-
face amendment and mulch farming).
5. Crop selection, plant breeding (improved 
varieties) and rotation.

Depending on the land system, and agroeco-
logical setting, various combinations of 
these strategies may need to be prioritized 
(Table 4.1).

Table 4.1 shows that numerous, mainly 
conventional, practices exist for improving soil 
and water management in order to increase the 
concentration of SOC. Any increase in SOC 
content, that is soil organic matter, is likely 
to have an overall beneficial impact on soil 
ecosystem services (Chapter 2, this volume). 
The question is therefore: if more SOC is as-
sociated with overall societal benefits, why is 
its sequestration not massively pursued? What 
limits the implementation of well-known 
techniques? What are the bottlenecks? And: 
what kind of innovative techniques and pro-
cedures are needed to change the situation?

What are the Bottlenecks  
to Implementation?

The question is why, despite the knowledge 
we have about how to enhance SOC tech-
nically in different land systems (see above), 
such knowledge is not being sufficiently put 
into practice? We posit that the key reason 
is the mismatch between private and social 
benefits and the costs of SOC management 
across temporal and spatial scales. While 
the longer-term interests largely run parallel 
among the larger spatial scales (from the 
global to the regional/national) and organ-
izational scales (global to national political 
institutions), the shorter-term interests of 
localized individual land users diverge 
from sustainable SOC management.

This implies that it is necessary to con-
sider SOC improvements across spatial and 
temporal scales (Chapter 3, this volume; 
Table 4.1):

• in space, i.e. on the farm, catchment, 
national and up to the global scale;

• in time, i.e. from seasonal management 
operations to intergenerational periods of 
decades that address sustaining soil eco-
system functions in the longer term.

The chain between decisions and impacts 
across spatial scales is presented in Chapter 3, 
this volume, and is summarized briefly here. 
Soil ecosystem functions operate and are 
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managed directly at the scale of the farm 
and the catchment because local inhabitants 
(farmers, nature conservationists) under-
take the soil management. Hence, the main-
tenance of soil fertility and soil health at the 
field/farm level is inherently linked to the 
maintenance of SOC at that level. However, 
different priorities for soil management pre-
vail at the two different scales. While at farm 
scale the individual profit and subsistence 
assurance of farmers drive soil management 
actions, at catchment scale overarching soil 
functions such as filter and buffering func-
tions move into the focus of societal de-
mands, and issues such as large-scale ero-
sion protection, provision of clean drinking 
water, protection from desertification and 
extreme events will drive decision making. 
Such soil functions are useful in a meaning-
ful way only at this larger scale. At the 
catchment level, processes such as deforest-
ation, desertification and extreme climate 
events have a direct impact on SOC through 
the reduction of C input and the increase of 
C output from the soil. Furthermore, ero-
sion is increased by these processes and in 
turn affects the quantity, quality and distri-
bution of SOC across the catchment (Lal, 
2005; Doetterl et al., 2013).

Most actions which benefit SOC at the 
local scale provide benefits at the national 
and global scales and can simply be aggre-
gated. If all single farms are prosperous, the 
catchment and the nation are also prosper-
ous, and vice versa. However, some soil 
ecosystem functions only become meaning-
ful at a larger scale; for example, climate 
change mitigation by avoiding SOC losses, 
reducing greenhouse gas (GHG) emissions 
and sequestration of SOC. Such ecosystem 
functions can only be realized when prac-
tices are implemented on many farms sim-
ultaneously.

All of the SOC management strategies 
mentioned above also need to be dealt with 
at the national level, as this is often the ad-
ministrative unit at which political deci-
sions are made. This can be done in an ag-
gregated way if there are no properties 
emerging at the national level that are not 
already addressed at the catchment or farm 
level. At the global level, climate change is 

a major issue. At the local level, however, 
with respect to SOC management, climate 
change is considered much less important 
than land use and land-use change.

At the catchment level (or administra-
tive ‘region’), SOC stocks are influenced by 
land-use planning including the preserva-
tion of aesthetic values, urbanization linked 
to rural urban migration and the need for 
transportation corridors. Such regional topics 
are often addressed by local actors such as 
local-level public agencies (e.g. planning 
agencies), conservation and development 
NGOs and local business. A region is usu-
ally made up of a matrix of farms, forests, 
urban and infrastructure areas. The regional 
level is key, as it is at this spatial scale where 
farmers’ behaviour and national policy interact.

The main issues at the national scale re-
late to improving trade balances: for ex-
ample, through developing export-oriented 
agricultural incentives; national security, 
involving the need to produce sufficient 
cheap food to feed increasingly urban popu-
lations; and securing the provision of suffi-
cient energy and water sources. All these 
objectives are linked to how SOC is man-
aged at the lower scales. It is at the national 
scale where regulations are designed and 
implemented that affect directly the con-
straints and opportunities for alternative 
SOC management strategies at the farm and 
catchment level. Of course, such policy de-
cisions are influenced by higher-order topics 
at the global level. For instance, migration 
and land acquisition processes can both 
constrain or enable national policy.

Crucially, the socio-economic issues 
cut across all scales in a nested way. What 
may be a prime concern for a farmer (e.g. 
livelihood vulnerability) may be influenced 
by rural urban migration processes at the 
catchment level or by a higher-order food 
security objective at the national level. The 
latter may, in turn, be affected by global 
issues, such as climate change policies and 
economic globalization. Likewise, farmers’ 
land-use options are determined by global 
institutions feeding through national pol-
icies and regional land-use planning.

On the temporal scale, the main object-
ives of land use on different spatial scales 
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operate less in parallel and depend more 
strongly on the cultural, social and eco-
nomic context. In the short term, maintain-
ing soil fertility may not be the primary 
concern and may even be jeopardized, as 
securing yields and maximizing income 
may have a higher direct priority (Table 4.2). 
Making decisions based on achieving long- 
term, stable revenues requires surplus/cap-
ital, as long-term benefits do not pay off im-
mediately. If there is no buffer to protect 
short-term benefits, long-term actions are 
less likely to succeed. Payments for carbon 
can contribute to cash income and may en-
able smallholders to overcome some initial 
project investment costs (e.g. Palmer and 
Silber, 2012). However, with the current 
low prices for carbon on the carbon-offset 
market such incentives may prove inad-
equate (e.g. Smith et al., 2007; Grace et al., 2012).

In industrialized countries, farmers’ key 
concern may be to secure the viability of 
their farming operations, while in develop-
ing countries or under pressure of poverty, 
short-term food and water security are higher 
priorities. Soil carbon may indeed be man-
aged to enhance the adaptive capacity and 
to reduce the vulnerability at the farm level 
to exogenous changes (climatic, economic, 
demographic), but these objectives are often 
traded-off against managing the immediate 

short-term threat. It is thus  important to 
note that biophysical and socio- economic 
concerns interact and sometimes counteract 
in complex ways. The farm system is a com-
plex social-ecological system, and finding 
solutions that enhance aims across tem-
poral scales requires integrated approaches.

Plate 5 illustrates that the socio-economic 
effects (in terms of actors affected) that arise 
from the problem of SOC loss (shaded red) 
are greatest at the bottom of the spatial scale; 
that is, where most individual land users are 
located. However, such socio- economic prob-
lems are also manifest at the global level, 
although fewer actors are dealing with such 
problems (e.g. multilateral development agen-
cies). The biophysical issues show the oppos-
ite pattern as we move from the local to the 
global scale, i.e. the biophysical problems 
mostly become manifest at the local scale. 
The meso scale (national scale) is associated 
with fewer (national level) agents being af-
fected by SOC loss (both in terms of socio- 
economic and biophysical considerations).

Most of the existing ‘best practices’ 
occur at the lower scales and are related 
mostly to biophysical/technological innov-
ations. Fewer best practices are found as we 
move upwards in the spatial scale.

Plate 5 has the shape of an hourglass to 
illustrate the following points:

Table 4.2. Objectives of land use at various scales in space and time. Grey highlight indicates 
short-term objectives that may conflict with long-term objectives.

Short-term objectives Long-term objectives

 
Socio- 
economy Soil system Soil carbon

Socio- 
economy Soil system Soil carbon

Farm Securing/ 
maximizing  
profit

Yield  
maximization

Utilization Prosperity Fertility  
resilience

Maintenance/ 
increase

Catchment Securing/ 
maximizing  
profit

Resource  
optimization

Exploitation Viability Diversity/ 
stability

Maintenance/ 
increase

Nation Economic  
growth/ 
employment

Balanced  
productivity

Maintenance Prosperity,  
geopolitical 
influence

Sustainability Maintenance/ 
increase

Global Freedom from  
armed  
strife/peace

Balanced  
productivity

Maintenance Security and  
stability

Sustainability Maintenance/ 
increase
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1. At the base (local scale), the majority of 
actors affected by the biophysical and 
socio-economic factors associated with soil 
carbon are the multitude of farmers that de-
pend on SOC directly, and also consumers 
(albeit in an indirect way).
2. At the global level, actors are affected 
mostly by and perceive the problem of soil 
carbon loss as a socio-economic issue. At 
this level, the institutional (governance) 
context is dominated by a few actors (e.g. 
UN bodies, multilateral treaties, multinational 
companies, etc.), but their objectives and 
perception of the problem of SOC loss 
is  fundamental, as they create the policy 
environment that constrains actors at the 
national scale. That is, the national level 
where the number of actors is reduced to 
few policy organizations effectively creates 
a bottleneck through which the supranational 
institutional constraints (international trade 
rules, international environmental agree-
ments, etc.) are passed down to the lowest 
scales.

The shape of the hourglass reflects not only 
the number of actors that are associated with 
the potential to design and implement in-
novative solutions but also the degree to 
which such best practices are currently avail-
able (cf. the section above headed ‘What ought 
to be done? A summary of best practices’). 
Hitherto, most innovation has been focused 
on the technological domain and designed to 
be applied at the farm and regional scale, al-
though fewer and weaker, socio-economic 
practices exist at the national (land-use regu-
lations) and fewer still at the global (e.g. inter-
national land-use conventions and corporate 
governance agreements) level.

As the biophysical limitations are con-
centrated at the farm and catchment level, 
innovations to address these limitations 
generally have to be applied at these scales, 
but in fact they often are not. Two main 
reasons constrain application: (i) a lack of 
information and knowledge about practices 
to maintain SOC in some parts of the world; 
and (ii) socio-economic constraints that pre-
vent implementation and widespread adop-
tion, even if information and knowledge 
is available and accessible. In both cases, 

innovations are required that address the 
social, cultural and economic barriers.

While current best practices are associ-
ated mainly with innovative technologies 
addressing biophysical aspects regarding 
SOC (green shading on Plate 5), these are 
unlikely to achieve their potential if robust 
social innovations (red shading on Plate 5) 
at higher scales are not put in place. The fig-
ure thus depicts a need to develop and im-
plement these higher-scale social innov-
ations, which will require the restructuring 
and adaptation of powerful institutional 
structures (e.g. the World Trade Organiza-
tion, United Nations Framework Conven-
tion on Climate Change, multinational com-
panies, etc.).

Innovations are particularly needed to 
bridge the current gaps between short- and 
long-term objectives. Such innovations must 
be both technological and social. Social in-
novations relate mainly to new types of gov-
ernance structures in the public and private 
sectors so that policies at higher spatial 
levels, in governments or companies, filter 
down effectively towards the lower scales 
and ultimately reach the consumers and the 
farmers, who can bring about SOC seques-
tration efficiently.

Implementation of the necessary tech-
nical and institutional innovations will 
generally require a trigger, an economic feed-
back from a higher level than the local level 
where the carbon management activities are 
implemented (e.g. Koning et al., 2001). 
Changing prices, subsidies and taxes, laws 
and regulations and reacting on increasing 
awareness of environmental costs and un-
sustainability could be examples of these 
feedbacks (see Izac, 1997; Sanderman and 
Chappell, 2013; Chapter 3, this volume).

As noticed by Sanderman and Chappell 
(2013), the ‘maximum feasible C sequestra-
tion potential at any given location will 
seldom be realized due to a series of biological, 
physical, social, and political constraints’. 
Often, in the absence of policy interventions, 
it will be rational for individual farmers to 
manage their SOC at levels that are sub-
optimal from a national and global natural 
capital perspective (Izac, 1997; Chapter 15, 
this volume).
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Depending on the location on the ‘deg-
radation curve’ (Fig. 4.2), innovative and 
more demanding types of interventions that 
combine financial, social and political ac-
tions will be needed to bring back SOC to its 
original levels or to avoid further degrad-
ation. The timescales required for these pro-
cesses are yet unknown, but certainly are 
longer than the planning horizons of cur-
rent environmental programmes.

Which Innovations are Needed?

In order to realize the potential of SOC bene-
fits, innovations are required. Innovation, as 
defined here, differs from invention, as it 
includes the use of existing knowledge, ap-
proaches or technologies, assembling them 
in a new or more efficient way. Hence, in-
novation does not necessarily require the 
creation of new methods or technologies but 
can result from new ideas of how to inte-
grate and assemble existing approaches in a 
novel, more effective way. In many degraded 
sites, SOC stocks could be reverted towards 
their natural levels once appropriate known 
technologies presented in the section above 
‘What ought to be done? A summary of best 
practices’ are applied. Here, we discuss how 
to achieve enhanced soil carbon accumula-
tion by the improved integration of existing 
management practices and policies.

Adoption of carbon sequestration tech-
nologies at the farm level (section above 
‘What ought to be done? A summary of best 
practices’) needs a combination of access to 
information, technologies, financial incen-
tives and capable personnel to link the 
benefits of individual farmers to those of the 
adjacent scale(s) (Fig. 4.3) and to make the 
farmer’s direct advantages compatible with 
his own long-term interests. Such schemes 
would offer financial and technical support 
to the farms, while bringing environmental 
services from the farm scale to other higher 
scales (Fig. 4.3).

Such schemes could require farm-scale 
monitoring with low-cost sensors to provide 
a direct measure of the state of SOC, which 
could then be processed at a regional level 
in order to follow stock changes at regional, 
national and global scales. At the national 
scale, the evaluation of data from different 
regions could drive soil and water conser-
vation practices to achieve agroecologi-
cal goals at the regional level, whereas glo-
bal financial support could be provided to 
those who have achieved SOC accumulation 
through adaptations. By means of trade agree-
ments, international organizations would 
return to countries not only financial sup-
port but also knowledge and technology to 
stimulate national actions for SOC conser-
vation. This support, received by nations, 
should go back to the farm level, as tech-
nical and financial aid.
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Fig. 4.3. Soil carbon accumulation mechanisms from farm to global level.

Table 4.3. Examples of innovations to be applied across spatial scales and the associated challenges.

Scale Innovations Challenges

Farm Virtualized environmental services
Farmer-specific application
Site-specific management
Low-cost sensors
Local demonstration

Access to data
Data availability
Technical barriers
Financial access
Innovators/early adopters

Catchment 
region

Stakeholder accessible remote and proximal 
sensing monitoring

Decision support system (DSS) for integrated 
watershed management

Stakeholder networking
Virtual technical training
New curricula for technicians
Soil carbon conservation programmes
Payments for soil carbon services (PSOCS)

Access to data
Mobilizing stakeholders
Financial incentives/support
Capacity building
Online open access teaching facilities
Network and facilities for recycling crop 

residues on soil
Pressure on arable land resource

Nations Economic incentives
New legal frameworks (regulating soil 

protection)
Carbon offset markets
Supporting new research (agroecology, 

biotechnology)
Monetarization of soil carbon benefits

Unfavourable macroeconomic conditions
High administrative costs
Weak governance (lack of organization, 

corruption)
Monitoring cost
Tradition

Supranational 
Global

International organizations
Regulatory framework
Trade agreements
Knowledge networks

Power structures
Geopolitical interests

The socio-economic costs of restoring 
soil carbon require increased awareness of 
degradation processes, as well as increasing 
investment. Monitoring of SOC stocks is 
needed to track maintenance and enhance-
ment, but also degradation (Table 4.3).

Hence, the innovation needed for im-
proved soil carbon management implies 
bringing the farm to the global and the glo-
bal to the farm level in a synergetic way, 
across scales. Examples of instruments that 
aim to operate in such a way include the 
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Kyoto Protocol Clean Development Mech-
anism. However, this type of approach 
could be more focused on soil carbon and 
the social, economic and ecological benefits 
derived from it.

Conclusions

The benefits of maintaining and increasing 
the SOC content of agricultural soils are 
clear and in demand worldwide. In particu-
lar, agriculture has the potential to contrib-
ute significantly to reduce carbon emissions 
from, and sequester carbon into, soils by 
land management practices. In addition, 
these practices increase soil fertility and the 
resistance to erosion and can improve water 
quality and flood protection, while enhan-
cing biodiversity and habitats. Despite the 
clear benefits, the implementation of appro-
priate measures is far behind the need. Ob-
vious impediments are temporal and spatial 
mismatches across scales, and discrepan-
cies between the private and social benefits 
and costs of SOC management. To be success-
ful, and self-sustaining, innovations have to 

overcome these impediments and address 
issues regarding communication, time de-
lays from implementation to realizing bene-
fits, and social systems.

This chapter points out the existence of 
a mismatch between the problems and im-
pacts of the loss of SOC at different scales and 
the available best practices at those same 
scales. While most of the best practices are 
related to technological aspects applied at 
the local scale, there are few innovations at 
the higher levels, which are fundamental to 
address both the socio-economic and bio-
physical problems that arise with SOC loss 
at the lower scales.

The most critical innovation needed for 
improved SOC management requires bring-
ing the farm to the global and the global to 
the farm level in a synergistic way, across 
scales. This challenge is daunting, but simi-
lar challenges are already being tackled in 
other policies with instruments such as the 
Kyoto Protocol Clean Development Mech-
anism. A similar approach could be applied 
to innovation in soil carbon management 
globally in order to gain the multiple social, 
economic and ecological benefits that are so 
clearly technically attainable.
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Abstract
Soil organic carbon (SOC) has a relatively low profile in the policy arena. Here, we discuss the differ-
ent steps of the policy-making process as well as the actors involved at the local, national and inter-
national scale. The first part analyses the policy-making process. The policy imperative consists of 
building up and maintaining SOC. The policy profile and discourse focuses on raising awareness. The 
policy rationale includes the economic and social benefits as well as the soil as capital. The policy 
support concerns the tools and programmes available. The second part of the chapter deals with the 
actors, from the advocates and institutions to the governance. For more detailed information, the 
reader is guided in each of these sections towards the chapters of the background document. Finally, 
recommendations are given at each of these levels for increasing the profile of SOC in the policy arena.
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Introduction

Policy making must be understood as a polit-
ical process as much as it is an analytical or 
problem-solving process.

The policy-making process is by no means 
the rational activity that it is often held up to 
be in much of the standard literature. Indeed, 
the metaphors that have guided policy 
research over recent years suggest that it is 
actually rather messy, with outcomes 
occurring as a result of complicated political, 
social and institutional processes which are 
best described as ‘evolutionary’.

(Juma and Clark, 1995)

As Clay and Schaffer (1984) point out, the 
generation of policy is a chaos of purposes 
and accidents. It is never a matter of the 

 rational implementation of scientific evi-
dence through selected strategies.

Policy narratives are the specific ‘stories’ 
that bring the importance of a particular issue 
to life and public prominence. The narrative 
will often employ hyperboles and selective 
imagery, such as a polar bear perched on a 
tiny iceberg and a sea level rise catastrophe 
for major world cities. The policy discourse 
is distinct from the narrative, being how 
the issue refers to a wider set of values and 
a way of thinking. It is the way in which the 
evidence and importance of the topic is 
framed, examining the language and the 
people who understand the language. The 
discourse must be linked to the advocates 
and the institutions for the issue, a subject 
discussed later in this chapter. A narrative 
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can be part of a discourse if it reinforces in 
the policy maker’s mind that here is an 
issue that demands attention and challenges 
current values and ideals. The narrative is a 
presentational challenge; how to make the 
‘story’ so appealing and demanding that it 
spontaneously generates a policy uptake.

A first step in developing a strategy to 
take a scientifically derived priority issue 
such as soil organic carbon (SOC) into the pol-
icy arena is to decide on the discourse. Scien-
tific evidence on its own is rarely sufficient; it 
is the impact, who is affected, how they are 
impacted and the consequences of inaction 
that grab the attention. The discourse matters 
because the environment is a social construc-
tion – as well as a physical entity – and issues 
about the environment such as soil carbon are 
contested, not just in their importance but 
also in their relevance to society and human 
well-being (Feindt and Oels, 2005).

Because SOC has a low profile at all 
levels – local, national and international – 
the context for the narrative and discourse 
has to be chosen carefully. Some of the evi-
dence that is important for different con-
texts is covered elsewhere in this volume; it 
includes SOC:

	•	 as	 a	 smart	 indicator	 for	 soil	 quality	
(Google maps, smart phone);

	•	 as	hotspots	and	thresholds	for	soil	deg-
radation, soil and water conservation 
and belowground biodiversity;

	•	 as	a	component	of	diversified	agri	cultural	
systems, adapted to climate change;

	•	 in	 monitoring	 and	 verifying	 mechan-
isms for climate change mitigation;

	•	 as	risk	and	opportunities	for	inputs	and	
residue management (fertilizer, chem-
icals, etc.) applied in agriculture;

	•	 as	 a	 contributor	 to	 food	 security	 and	
sustainable development;

	•	 as	a	protector	of	biodiversity	–	as	a	sub-
strate for soil biodiversity and as a sup-
port for aboveground biodiversity.

It is, therefore, imperative that issues in-
volving SOC must achieve a higher and more 
prominent profile, with their champions 
and self-evident financial worth. A strategy 
for taking SOC into the policy arena must 
have this high-profile springboard before 

 diving into the murky waters of the com-
plex arrangements for governance at vari-
ous levels, from local to global. This chapter 
summarizes briefly the data and scientific 
demands for an SOC strategy into policy; it 
then examines the components of this 
strategy, setting out a framework for main-
streaming SOC issues in environmental and 
sustainable development policy. The chap-
ter is structured according to: (i) what needs 
to be achieved by policy, i.e. imperative, pro-
file and discourse, rationale and support; 
and (ii) who are the main stakeholders, i.e. 
advocates and institutions and governance 
(Table 5.1). Each of these topics is discussed 
in a different section at three scale levels, 
i.e. local, national and international.

Policy

Policy imperative

Introduction

In the developing and also in developed 
countries, farmers are faced with serious 
problems of sustainable soil management 
such as market forces, limited access to in-
puts and expertise, poverty and lack of cap-
ital. In developed countries, for example, 
plant productivity is high due to large use 
and sometimes excess of inputs (fertilizers, 
pesticides and energy), but often with low 
organic restitutions to soil. This has nega-
tive consequences for the environments, 
e.g. for air and water pollution, soil erosion, 
etc. (Lal et al., 2003).

For centuries, many farming systems 
have relied on the soil organic matter (SOM) 
to sustain production. These systems were 
maintaining a stable SOM pool in soils by ap-
plying a closed farming system with a regular 
return of organic matter to the soil through 
manure, crop residues, kitchen waste, etc. 
However, with the adoption of industrialized 
farming systems implying increasing intensi-
fication, land degradation and climate change, 
the quantity of SOM has declined rapidly, 
thereby threatening the capacity of the land 
to produce sustainably (Lal, 2004; Zdruli 
et al., 2004; Lal et al., 2006). In  developing 
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Table 5.1. Components of a policy process to raise the status of soil organic carbon (SOC).

Scale level

Section Local National International

Policy  
(What?)

Policy imperative  
(build-up  
and maintenance  
of SOC)

Agro (urban)-ecological alternative
Avoid degradation
Sustainable land management
Increasing productivity/fertilization

SOC into national soil protection  
legislation

SOC into NAP
SOC into NAMAs (Chapter 31,  

this volume)

Sustainable development (under construction,  
Chapter 29, this volume)

Climate adaptation + mitigation (UNFCCC,  
LDNW UNCCD)

Conservation + sustainable use of biodiversity 
(CBD)

Policy profile and  
discourse (raising  
awareness)

Adapt to local socio/cultural context  
(Chapter 14, this volume)

Education

Value of SOC Regional patterns
(Chapters 15 and 18, this volume)

Include SOC in sustainable development  
(mainstreaming)

Hyperbole
Policy rationale  

(economic/social  
benefits, soil as  
a capital)

Develop strategy for sustainable  
livelihoods (Chapter 14, this volume)

Reduced risk

Multiple benefits (Chapters 15  
and 18, this volume)

Reduced costs from erosion, etc.

Maintaining SOC for future generations
Reduce vulnerability of populations

Policy support  
(tools and  
programmes)

Best practices demonstrated at local  
level (e.g. WOCAT)

Field-scale SOC models  
(e.g. Comet VR,  
Cool farm; Chapter 17,  
this volume)

Smartphones

Soil monitoring networks  
(Chapter 16, this volume)

Modelling tools GEFSOC  
(Chapter 17, this volume)

Google maps
National incentives/PES  

(water, biodiversity, carbon)

Harmonization SMNs
Develop research to valuate soils/SOC  

(Chapters 18 and 22, this volume)
Climate adaptation and environmental funds

Actors  
(Who?)

Advocates and  
institutions

Farmers’ organizations, CBOs, NGOs Cross-compliance Ministries,  
focal points, NARS

Global conventions and partnerships, 
 international NGOs, UN, GEF, World Bank, 
FAO, IFAD

Governance Agricultural extension
Conservation districts
Local producers/landcare associations/ 

watershed committees

Agricultural strategy and sectors
NAMAs (Chapter 31, this volume)
Labels and markets
Carbon footprint
Soil certification

Conference of Parties, Global Soil Partnership  
(GSP), IPCC, IPBES

CBO, community-based organizations; FAO, Food and Agriculture Organization; GEF, Global Environment Facility; GEFSOC, Global Environment Facility Soil Organic Carbon; IFAD, 
International Fund for Agricultural Development; IPBES, Intergovernmental Science Policy Platform on Biodiversity and Ecosystem Services; IPCC, Intergovernmental Panel on Climate 
Change; LDNW, land-degradation neutral world; NAMA, nationally appropriate mitigation action; NAP, national action plans; NARS, national agricultural research systems; NGOs, 
non-governmental organizations; PES, payment of ecosystem services; SMN, soil monitoring network; UN, United Nations; UNCCD, United Nations Convention to Combat 
 Desertification; UNFCCC, United Nations Framework Convention on Climate Change; WOCAT, World Overview of Conservation Approaches and Technologies. Chapters refer to 
others in this volume where a more detailed discussion of the issues can be found.
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countries (e.g. Africa), productivity is very 
low due to insufficient input application 
( fertilizer, both organic and mineral). At the 
same time, the traditional systems are not 
being practised as a result of an uneven dis-
tribution of land in relation to the high popu-
lation density, lack of tenure security and 
lack of investments. The consequence is a 
low level of organic restitutions to the soil by 
an increasingly urbanized population. The 
low level of organic matter and associated 
nutrients has prompted the resource-poor 
local population to convert forests into mono-
cultures and to overgraze common lands in 
other cases, with severe environmental con-
sequences such as high erosion rates, mining 
agriculture and greenhouse gas (GHG) emis-
sions. Whatever the level of development, 
these numerous environmental problems need 
to be addressed.

Sustainable production and increasing 
productivity/fertilization at the local level

Agricultural productivity and household 
income depend on natural resources man-
agement (soil, water, forests, air, and flora 
and fauna biodiversity) and their quality. 
In most of the farming systems, their lower 
income is due to declining terms of trade 
between farm inputs and agricultural pro-
duction. This decline has diminished the use 
of organic matter and fertilizer inputs for 
land- quality improvement, especially among 
smallholder farmers, leading to low biomass 
production. This also results in a decline of 
the land quality through a loss of SOC, and 
this can be attributed to crop removals, soil 
erosion and leaching of nutrients. Therefore, 
in order to increase smallholder productivity, 
it is necessary to introduce viable incentives 
and market regulating instruments, encour-
aging farmers to sustain soil and water re-
sources as well as biodiversity.

Since land is a fragile and a finite re-
source on this planet, its use is bound to 
have conflicts. Among the farmers, conflict 
takes the form of competition for arable and 
grazing land. This means that as the popula-
tion grows, so too does the quest to acquire 
more land to accommodate the increasing 
population. Countries with high population 

densities and limited national fertile soil 
 resources have to rely on imports of ‘virtual 
soils’ or invest in foreign land acquisitions 
(‘land grabbing’). Locally, forests have been 
converted into agricultural land, endanger-
ing soil biodiversity and severely diminishing 
SOC stocks. Forest ecosystems are interrupted 
and finally collapse due to the clearing ac-
tivities of farmers. The often unscrupulous 
dealers, leaning on loose legislation, find a 
boon by corrupting their ways to owning 
forestland and selling to other third parties 
or farmers in need.

Sustainable land management (SLM) 
combines technologies, policies and activ-
ities aimed at integrating socio-economic 
principles with environmental concerns, so 
as simultaneously to maintain and enhance 
production, protect natural resources and 
improve incomes at socially acceptable 
levels. It is the use of land to meet changing 
human needs (agriculture, forestry and con-
servation) while ensuring long-term socio- 
economic and ecological functions of the land. 
Land provides an environment for agricul-
tural production, but it is also an essential 
condition for improved environmental man-
agement, including source–sink functions for 
GHGs, recycling of nutrients, reduced use and 
filtering of pollutants, and transmission and 
purification of water as part of the hydro-
logical cycle. Whatever technology advances, 
the land will always be necessary for hu-
mans to grow most of the food, and soils 
are non-renewable resources at the human 
timescale. Therefore, optimizing the bio-
logical productivity of the land to ensure 
ecological sustainability and environmental 
protection will always be a necessity for 
production and the improvement of rural 
livelihoods. A pre-condition for SLM imple-
mentation is the existence of secure land 
tenure rights, allowing intergenerational trans-
fer of land rights, and therefore incentivizing 
sustainable management practices, preserv-
ing land for future generations.

Farmers’ modifications of natural ecosys-
tems will always have an impact on land qual-
ity. Hence, advice on land management must 
consider farmers’ options according to their 
goals, resource capacity, socio-economic cir-
cumstances and field production conditions. 
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Sustainable land management implies the wise 
use of land, which encompasses the principle 
that mined nutrients must also be restored. 
Crops require an instant flow of nutrients at 
specific growth stages. Mineral fertilizers are 
the quickest and surest way of supplying the 
nutrients in known amounts, proportions and 
available forms ready for uptake by plants, and 
hence the surest way of also building C stocks. 
However, the amount of inorganic fertilizers 
used at local level is low. The cost of fertilizers 
coupled with that of seeds, pesticides and 
other requirements are out of reach to 
resource- poor farmers. Most of the small-scale 
farmers use organic fertilizers such as farm-
yard manure and compost and recycle crop 
residues as a means of sustaining and im-
proving land productivity. However, the 
limited amounts of organic sources of plant 
nutrients and their very low fertilizer grades 
mitigate reliance on them as stand-alone 
sources of nutrient supply. Since farmers’ 
operations will always have an impact on 
land quality and SOC benefits at the local 
level, recommendations on land manage-
ment must consider their goals, resource 
capacity, socio- economic circumstances and 
field production conditions.

Enabling policy environment to promote 
sustainable land-use management  

at the national level

At the national level, there exist shortcom-
ings in some parts of the world in policy de-
velopment and implementation in the area 
of land use and management (e.g. lack of 
National Action Plans, or malfunctioning 
of these). Appropriate policies should focus 
on national land planning, market-oriented 
tools and legal frameworks for natural re-
sources management as well as for land ten-
ure (e.g. access, control and ownership). 
The implementation of an unfavourable pol-
icy and legal environment in potential areas 
for good land management in conjunction 
with local market distortions has exacer-
bated the problem of low land productivity. 
There is a lack of coherence between market 
drivers, land-use policy and formal institu-
tional  arrangements, which creates a lack 
of coordination and communication in the 

 implementation of good management and 
strategies at the farmer/stakeholders level.

The institutions that are supposed to 
address land issues are lacking frameworks, 
especially in relation to SOC. The import-
ance of SOC is mostly hidden within other 
related disciplines in most national govern-
ments and is not given the prominence it 
deserves. The role of traditional institutions 
and land rights is also not explicit. Invest-
ment in land improvement programmes is 
limited in some parts of the world. Inter-
national organizations should be able to 
provide resources through national govern-
ments so that the agenda of SOC conserva-
tion can be realized at the national level. 
Appropriate policies should focus primar-
ily on land planning, legal frameworks and 
regulatory mechanisms linked with efficient 
economic incentives to assure the compli-
ance of soil and SOC improvement at the 
national level.

Sustainable development  
at the international level

At the global level, there is an increasing 
interest in land as a resource that should be 
preserved. The Multilateral Environmental 
Agreements (MEA from the United Nations 
Framework Convention on Climate Change 
(UNFCCC), Convention on Biological Diver-
sity (CBD) and United Nations Convention 
to Combat Desertification (UNCCD)), re-
visited last year during the Rio+20 Sustain-
able  Development Conference, identified 
the importance of land. During the confer-
ence, it has been agreed to aim towards a 
Land  Degradation Neutral World as a global 
effort to fulfil soil protection and soil restor-
ation activities (Chapter 29, this volume). 
More recently, during the second meeting 
of the Intergovernmental Science Policy 
Platform on Biodiversity and Ecosystem 
Services ( IPBES) Plenary (IPBES-2) held 
in Antalya, Turkey, in December 2013, the 
work programme for 2014–2018 was adopted 
and it included a thematic assessment 
 aiming to enhance the knowledge base for 
policies to address land degradation, desert-
ification and the restoration of degraded 
land.
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Nowadays, there are many inter-
national bodies that dedicate part of their 
mandate to SOC (World Bank, Food and 
Agriculture Organization (FAO), United 
Nations Environment Programme (UNEP), 
European Union (EU), etc.). A coordination 
among diverse institutions, harmonized 
policies and system approaches for syn-
ergy (soil, water, crop, livestock, forest, 
etc.) would be welcome. The recent Global 
Soil Partnership (GSP) established by FAO 
aims towards providing the platform for 
achieving effective coordination among 
the various initiatives. However, the pro-
tection, maintenance and enhancement of 
SOC can only be achieved through actions 
driven by economic incentives linked to 
main high-profile goals such as: food se-
curity, sustainable development and cli-
mate change negotiations.

Another issue to be taken into account 
is the missing link between policy makers 
and scientists. Scientific language is not clear 
and effective enough to convince and move 
political decisions, or even public awareness. 
There is an urgent need to ease communica-
tion through the use of an innovative ap-
proach supported by clear numbers, figures 
and maps. Furthermore, common agreed 
monitoring and accounting protocols or 
methodologies have not yet been adopted 
by the scientific community as a whole. Hence, 
the marketing of SOC is not moving ahead. 
For many years, working groups and strat-
egy sessions have been focused on creating 
a real market for SOC credits or offsets. 
However, today, these efforts are reflected 
in a limited number of C projects only. The 
recently established Intergovernmental 
Technical Panel on Soils (ITPS) has been 
designed by the GSP partner countries and 
organizations as the science–policy interface 
addressing soil-related issues in support 
to global policy-making processes by trans-
lating available scientific results in policy- 
relevant information and assessments. The 
UNCCD adopted also, during a Conference 
of Parties (COP11) in September 2013, a 
science–policy interface to enable its re-
searchers to communicate scientific findings 
to policy makers concerned with land deg-
radation and desertification.

The international rhetoric of the import-
ance of SOC for soil quality has not been 
translated into international action. The dis-
connection between the scientific and the 
policy arenas at international level can only 
be solved with an innovative language through 
clear and simple messages relating societal 
priorities like growth, income, jobs and so-
cial welfare with soil quality and SOC. The 
starting point should be the key cross-cutting 
role of SOC towards high-profile topics such 
as food security, sustainable development and 
climate change scenarios.

Policy profile and discourse

Local scale: adapt to local socio/cultural 
context

The perception of soil varies according to 
different cultures in the world. Not only on 
a biophysical basis but also in the context 
of different religions or cults, both in de-
veloping and developed countries. For in-
stance, in some cultures of developing or 
emerging countries, religious habits sup-
port soil tillage and other religions dis-
courage soil operations with sharp tools 
(Lahmar and Ribaut, 2001; Chapter 14, this 
volume). In contrast, developed countries 
have to face different influences, driven 
mostly by economic interests and political 
constraints. In some developed countries, 
even in a similar socio-economic context, 
farmers do not have the same perception of 
soil and of SOC benefits. As a consequence, 
this perception will orient them in the 
adoption of one or another ecoagricultural 
management alternative as, for example, or-
ganic farming or no tillage with cover plant 
systems (Compagnone et al., 2013; Chapter 14, 
this volume).

No matter which country in the world, 
raising awareness towards SOC benefits will 
depend strongly on socio-economic drivers 
and the cultural habits of the beneficiaries.

The policy profile and the discourse 
for raising awareness of the SOC benefits of 
given alternatives of land management 
have to be adapted to the cultural and 
socio-economic habits of the beneficiaries. 
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For the discourse, the following points 
should be taken into account:

	•	 the	holistic	perception	of	the	soil	fertility	
from farmers, often linked to the cult/
religious relationships between the so-
ciety with soil/earth;

	•	 the	 economic	 access	 of	 farmers	 to	 re-
sources (e.g. fertilizers, tools, machines, 
etc.);

	•	 the	possible	competition	between	man-
agement strategies for the same land 
 resource (e.g. competition for plant res-
idues between fertilization, feeding the 
cattle or building material);

	•	 the	removal	of	residues	for	livestock	or	
fuel is a big issue that needs invest-
ments in fodder production and effi-
cient or alternative fuel sources; and

	•	 the	 need	 to	 establish	 a	 partnership	 be-
tween the growing urban population and 
the rural farming communities for return-
ing the organic waste (biowaste) generated 
in cities to the soil of the rural areas.

National scale: value of soil and SOC – 
 regional patterns

‘SOC benefits’ is a purely scientific concept 
and is often perceived in the scientific 
community only. Even though the multiple 
functions of SOM are well known in the sci-
entific arena, these concepts generally do 
not reflect any human cultural dimension. 
As a consequence, the public does not in-
corporate SOC/SOM benefits in its own cul-
ture. To make the population more aware of 
the benefits of SOM/SOC, the proposal is to 
develop actions at the national level, start-
ing from the concept of ‘soil as a patrimony 
and a natural capital’ (Costanza and Daly, 
1992; Pascual et al., 2010; Chapters 15 and 
18, this volume) that the society needs to 
transmit to the next generations. This mes-
sage needs to be incorporated in school and 
university programmes focusing on the fol-
lowing points:

•	 Soil is a non-renewable resource, to be 
protected against erosion, decline in 
 organic matter and biodiversity, etc. 
(EC, 2009, 2010).

•	 Soil protection needs to take into ac-
count the availability of other natural re-
sources, pedo-climatic conditions and 
land management (EC, 2009, 2012).

Training programmes at secondary schools 
and universities for both students and tea-
chers should focus on soil as a patrimony 
and on the importance of SOM in adequate 
soil management. Events and activities to 
address the public (soil celebration day, cam-
paigns of awareness through media, etc.) 
will help in raising awareness.

International scale: the inclusion  
of SOC in sustainable development  

(mainstreaming)

The perception of soil as a patrimony for so-
ciety is not well developed, given that most 
soils are in private property and are not per-
ceived as a public good, like air and water. 
Soil as a resource is essential to provide 
goods and services not only to the land-
owner but also to all of us. There is the need 
to move from soil protection to the protec-
tion of soil functions. While soils are mostly 
in private property, soil functions are de-
livering public goods and therefore need to 
be protected beyond private property rights. 
Only an adequate SOC/SOM management 
will permit the delivery of these services. 
At the international level, hotspots of aware-
ness activities exist that address small and 
often specialized audiences.1 Unfortunately, 
there is a lack of communication and coord-
ination between these hotspots that reduces 
the potential of an international awareness 
on the importance of SOC.

In order to facilitate the acceptance of 
SOC as a mainstream environmental con-
cern, the level of SOC/SOM to be reached 
in a specific region could be used as one of 
the proxies. A teaming up of all failed efforts 
to raise awareness in a network or plat-
form would no doubt increase its efficiency. 
Moreover, all types of media should be 
 approached with an innovative approach: 
cultural services (exhibitions, movies), soci-
etal concerns (television programmes, jour-
nals) and educational targets (workshops, 
conferences).2 Finally, an international 
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agenda for a celebration of a soil day3/year 
could accelerate all previous recommenda-
tions. The FAO has submitted two resolu-
tions to the United Nations General Assembly 
for the celebration of World Soil Day on 5 
December and an International Year of Soil 
in 2015. These will be two key awareness- 
raising platforms and events. Concerning 
drylands, the French Scientific Committee 
on Desertification published at the end of 
2013 a thematic study entitled ‘Carbon in 
dryland soils – multiple essential functions’ 
showing the multiple functions benefiting 
societies and the environment in drylands 
(Bernoux and Chevallier, 2013).

Policy rationale

On the one hand, the land containing the 
soil is in most cases private property and 
can thus be traded by its owners. On the 
other hand, soil functions deliver the eco-
nomic and social benefits of the SOC capital 
to society as a whole and therefore need to 
be considered as public goods. As SOC is 
part of a natural resource, it cannot be 
traded directly on international markets; 
nor are the social effects of the SOC capital 
immediately visible (Chapter 15, this vol-
ume), although changes in the SOC capital 
can be traded on the emissions markets, 
as an increase in SOC can be considered to 
represent a sink of atmospheric CO2. Currently, 
only voluntary markets for CO2 trading exist, 
and prices are well below US$5  Mg–1 C 
( Lipper et al., 2010). Clearly, such trading 
considers only a part of the services that 
flow from SOC and by no means considers 
the value of soil as a natural capital.

In addition to the long-term effect of a 
decrease in SOC and its consequences for 
future generations, the economic and social 
benefits and costs flowing from the use of 
the SOC capital are discussed. First, the op-
portunity costs of increasing/maintaining 
SOC levels refer to examples of the impact 
of returning biomass to the soil and how 
this affects food sources for cattle (Antle and 
Stoorvogel, 2003). In other words, farmers, 
who tend to maximize income are often re-
luctant to compromise a service yielding 

direct income, such as using the residues 
for energy consumption for the long-term 
effect of the same residues that, when left 
on the field, may slowly increase SOC. The 
latter may produce a benefit for society, for 
instance in terms of reducing C emissions 
(Chapter 15, this volume). The second eco-
nomic parameter concerns the externalities 
that can be either positive (e.g. no-till de-
signed for C sequestration also protects the 
soil against erosion) or negative (e.g. no-till 
induces an increase in pesticide use). Fi-
nally, the willingness to pay for goods and 
services that flow from SOC are discussed 
in Chapter 15 of this volume.

Local scale

The main concern of farmers and land man-
agers is to ensure a secure and sufficient 
 income. If they have secure land tenure 
rights, they will also be concerned about 
maintaining a value of the soil capital for fu-
ture generations. Unfortunately, in the cur-
rent economic environment, the value of the 
soil capital is secondary to the value of the 
services that the soil, and more specifically 
the SOC, can provide (i.e. the externalities). 
In order to benefit from these services, some 
choices have to be made incurring costs 
(e.g. increase in SOC will require biomass 
input that cannot be fed to cattle). These 
choices lead to opportunity costs. The man-
agement of SOC has an (long-term) impact 
on soil quality through improving soil ag-
gregate stability, water-holding capacity and 
reducing vulnerability to erosion (Govers et al., 
2013). Furthermore, SOC has an influence 
on soil fertility through the nutrients (mainly 
N and P) that it contains. In most intensive 
agricultural systems, these nutrients are 
supplied in chemical fertilizers, and hence 
evidence of direct relationships between 
SOC additions and yield increases are rare. 
Several authors mention that the variability 
in yields decreases by a two-way interaction 
between SOC stocks and crop productivity 
(overview in Govers et al., 2013). van Noordwijk 
et al. (1997) argue that nutrient supply, nu-
trient buffering, water regulation, mainten-
ance of soil structure and other functions 
such as pest control can, in  principle, be 
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replaced by technical solutions, leading to 
fertigation in hydroponic horticultures in the 
most extreme case. However, these technical 
solutions require investments that are only 
profitable in the case of high- value crops in 
greenhouses, such as salad vegetables, flowers 
and pot plants. The long-term sustainability 
of these high- input agricultural systems may 
be questioned. The majority of agricultural 
production still relies on most of the func-
tions of SOM mentioned above that guaran-
tee sustainable soil management for future 
generations.

The supply of nutrients such as react-
ive N and P contained within the SOM can 
be estimated using the C:N and C:P ratios. 
In the literature, the average rates of SOC 
increase by modified agricultural practices 
are around 0.4 Mg C ha–1 year–1 (Freibauer 
et al., 2004). At US fertilizer prices in 2012, 
this would result in a gain of US$40 for N 
and US$8 for P per hectare. In the case of nu-
trient mining of soils rich in C, these would 
be regarded as positive externalities. In 
poor soils, the increase in nutrients will be 
an investment in the soil capital, and will 
therefore require opportunity costs. Diels 
et al. (2002) concluded that for a case study 
in West Africa, SOC increases resulted in 
an enhanced buffer capacity that would 
lead to higher efficiency of mineral fertil-
izers. However, care should be taken for 
negative externalities. There are many 
examples that such an increase in SOC and 
fertility has been achieved by concentrat-
ing organic residues from forests/heathlands 
on fields close to the farm. For instance, 
Bationo et al. (2007) state that up to 30 ha 
of dry-season grazing may be required to 
produce the manure necessary to maintain 
the fertility of 1 ha of cropland in West 
Africa: promoting the use of manure may 
therefore increase grazing pressure and the 
degradation of SOC stocks on the grazing 
land, and may further reduce the amount 
of crop residues that might be applied dir-
ectly to the cropland. This will lead to the 
fertility gradients mentioned in Chapter 10, 
this volume. Diels et al. (2002) have demon-
strated that increasing the SOC content 
from 0.8 to 1.3% results in an increase in 
water-holding  capacity of 1 mm for a study 

area in Kenya. Even though the increase 
in SOC is substantial, the effect is limited 
at 50 mm.

National scale

The multiple benefits derived from SOC 
interact at scales beyond the individual farm, 
and therefore should be addressed and 
 remunerated through public incentives at 
scales ranging from the catchment to the 
nation. Natural capital is thus the stock of nat-
ural ecosystems that yields a flow of valuable 
ecosystem goods or services into the future 
(Chapter 22, this volume). Pascual et al. 
argue that:

Valuing soil carbon from an economic point 
of view, however, is not straightforward, 
since most of the benefits derived from its 
conservation and sustainable use are not 
reflected in the markets. This is mostly 
because current markets only reveal 
sufficient information about the scarcity of 
a small subset of goods and services from 
nature. Most natural resources, ecosystem 
processes and functional components are not 
incorporated in transactions as commodities 
or services, and their economic value is not 
reflected in any market prices.

(Chapter 15, this volume)

A more immediate way of considering 
the benefits of SOC is its value that is attributed 
by people through their willingness to pay 
for the goods and services that flow from it 
(Pascual et al., 2010). Costanza and Daly 
(1992) were the first to define the concept of 
ecosystem services. Soil, and in particular 
SOC, are considered to be an intermediate 
for final goods and services such as climate- 
regulation and water-regulation services. 
Noellemeyer and Six (Chapter 22, this vol-
ume) discuss the range of services that SOC 
can provide and detail the role of SOC in 
soil structure maintenance and improve-
ment, erosion control, climate regulation, 
pollutant attenuation and degradation, pest 
and disease control and biodiversity conser-
vation. Abson et al. (Chapter 18, this volume) 
argue that these ecosystem services should be 
estimated jointly for case studies, as in many 
cases the positive effects on one service can 
have negative impacts on another.



 Taking Soil Carbon into the Policy Arena 69

International scale

At this scale, costs and benefits from cli-
mate-regulation services are discussed as 
examples of local actions that will make a 
contribution to a global problem. Given the 
low prices for CO2 on the voluntary trade 
markets in Chicago (US$5 Mg–1 C), the se-
questration of 0.18–0.4 Mg C ha−1 that is 
most likely to be achieved will yield only 
US$0.9–2 ha–1. Smith (2004) has calculated 
the costs of monitoring and verification, 
showing that these costs do not outweigh the 
benefits at these low CO2 prices. A positive 
experience of trading SOC on the international 
markets comes from the first agricultural 
SOC project in Kenya, where smallholders 
use the Sustainable Agriculture Land Man-
agement (SALM) methodology from the 
Verified Carbon Standard (VCS) to certify C 
credits – which are currently purchased 
through the World Bank Biocarbon Fund. 
Smallholders have adopted mixed cropping 
systems, based on residue management, com-
posting and agroforestry. The RothC model 
was parameterized in several farming sys-
tems and used to define the best manage-
ment practices to be adopted. In another 
case study, the standard elaborated by Plan 
Vivo is used to support smallholders in 
applying sustainable management practices 
(Reducing Emissions from Deforestation 
and Forest Degradation (REDD) and agro-
forestry) and to generate payments for the 
ecosystem services provided (C credits). 
Additional C services with respect to a base-
line are quantified by an independent meth-
odology. The project coordinator enters into 
payments of ecosystem services in agreement 
with multiple participants. Staged payments 
are based on performances (http:// www.
planvivo.org).

Policy support

Tools and programmes

In order to implement strategies to enhance 
or maintain SOC stocks, information is 
needed on land management practices, where 
and how they should be implemented and 

their likely impacts on SOC. Some pro-
grammes already exist at the local, national 
and international level to provide this infor-
mation, but substantial gaps exist. In a similar 
way, tools are needed to estimate the impacts 
of land management practices on SOC 
over a range of spatial and temporal scales. 
In this volume, the current status of pro-
grammes is discussed in Chapters 1 and 16, 
among others, and SOC models and how they 
are in use today is discussed in Chapter 17. 
Below, we consider the gaps in current pro-
grammes and tools at the local, national and 
international level.

Local

The World Overview of Conservation Ap-
proaches and Technologies (WOCAT) pro-
vides a global database for the storage, 
searching and exchange of land manage-
ment practices for soil and water conserva-
tion and SLM (WOCAT, 2013). Although it 
is a resource with global coverage, informa-
tion is aimed at the local scale, with users 
able to search for land management prac-
tices relevant to their local situation. Land 
Degradation Assessment in Drylands (LADA)- 
WOCAT mapping of land-use systems, land 
degradation and SLM at local, subnational 
and national scales provides information on 
land management practices used by more 
than 20 countries, and further decision sup-
port tools are to be developed (http://www.
wocat.net). Many of the practices presented 
include data on soil loss prevention. How-
ever, currently, no inclusion is made of data 
on, or estimations of, how each land man-
agement practice will impact SOC in given 
soil and climate conditions. Inclusion of 
such information would allow local land 
managers to consider the potential impacts 
on SOC before implementing specific prac-
tices. Currently, there are plans to apply the 
project-scale tools from the Carbon Benefits 
Project (CBP) (Milne et al., 2010) to WOCAT 
practices to provide such estimations.

The FAO’s MICCA (Mitigation of Cli-
mate Change in Agriculture) programme in-
cludes activities and resources relevant 
to SOC at the local level. MICCA has pilot 
projects which implement and quantify 

http://www.planvivo.org
http://www.planvivo.org
http://www.wocat.net
http://www.wocat.net
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 climate-smart agricultural practices and a 
database of agriculture, forestry and other 
land-use mitigation projects (AFOLU MPs). 
It includes few agricultural SOC projects, 
but these are expected to increase as the 
capacity to use new methods and tools in-
creases (McCarthy et al., 2011). Other pro-
grammes include the Intergovernmental 
Panel on Climate Change (IPCC) Emission 
Factors database, which is a repository for 
the site-specific stock change and emission 
factors needed to make estimates of changes 
in C stocks in both biomass and soils, and 
the FAO’s Harmonized World Soils data-
base, which includes local-level informa-
tion on SOC stocks. One of the main gaps 
in these programmes, which hinders the 
estimation of SOC stocks and changes, is 
information on different land management 
practices at the local level, particularly in 
developing country areas dominated by 
smallholders.

There are many examples of tools and 
models that can be used to make estimates of 
SOC stocks and changes at the local level 
(Chapter 17, this volume). Some are based on 
the IPCC’s computational method (CBP Sim-
ple and Detailed Assessment, EX-ACT, Cool 
Farm), others use dynamic ecosystem models 
(COMET Farm, COMET VR). Constraints in-
clude the fact that most models have originally 
been developed using data from temperate 
areas and are therefore less applicable to 
 tropical conditions. Two recent reviews con-
sidered tools that could be used to make 
landscape-scale estimates of C stock changes 
in soils and biomass. Colomb et al. (2013) 
consider 18 tools covering different geo-
graphic areas, and the authors are currently 
developing an online application that will 
allow users to choose the most appropriate 
tool. The second review considers tools that 
can be used in developing countries in areas 
dominated by smallholder agriculture, an im-
portant area for the future consideration of 
global SOC stock change (Milne et al., 2010, 
2013). There is a need for capacity building 
for the use of  local-level tools and methods 
and to develop local-level tools based on dy-
namic models that are applicable to condi-
tions in tropical areas and other areas of rapid 
land-use change.

National

Making national-scale estimates of SOC 
stocks and changes is dependent on avail-
able soil survey information, which can be 
incomplete and of varying quality in many 
countries (Batjes et al., 2007). Parameters 
such as bulk density, which are needed to 
estimate SOC stocks, are often missing. Sub-
stantial work has been carried out by the 
International Soil Reference and Informa-
tion Centre (ISRIC) to complete national- 
scale information on SOC in the soil and 
terrain (SOTER) database using collations 
of existing data sets, pedo-transfer functions 
and expert opinion (Batjes et al., 2007). In 
terms of the ongoing collation of SOC infor-
mation at the national scale, many countries 
have programmes for national-scale survey 
and monitoring. van Wesemael et al. (2011) 
summarized existing Soil Monitoring Net-
works (SMNs). Networks were found to 
have different criteria in terms of land types 
sampled, sampling depth and frequency of 
sampling. Harmonization of SMNs would 
allow the comparison of different national- 
scale SOC stocks, and would also facilitate 
the use of national-scale models. A problem 
among almost all networks is continuity of 
the funding needed for ongoing monitoring.

In terms of the tools available for the 
estimation of SOC stocks at the national 
scale, empirical methods that use know-
ledge of soil type, climate and land use have 
been used frequently to estimate stocks (Lal 
et al., 2006; Batjes et al., 2007). There are 
also tools for estimating stock change at the 
national scale, including those based on 
computational methods where a stock at one 
point in time is subtracted from another. 
Tools also exist that employ dynamic models 
which attempt to capture the dynamic na-
ture of the decomposition of organic matter 
over time. The World Bank Agriculture and 
Rural Development programme has an on-
line tool that employs the RothC model to 
make national-scale estimates of SOC change 
over a 25-year period. Users can input infor-
mation on different land management prac-
tices to alter estimates (ARD, 2013). A more 
rigorous but less user- friendly tool is the 
Global Environment  Facilities GEFSOC tool 
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(Easter et al., 2007; Milne et al., 2007). This 
tool links two models (RothC and Century) 
to a geographical information system (GIS), 
which contains layers of soils, climate and 
land-use information. The tool has been 
used to estimate SOC stocks and changes in 
several countries (Bhattacharyya et al., 2007; 
Kamoni et al., 2007) but does require expert-
ise in modelling and GIS. Development is 
needed of more user-friendly, national-scale 
tools with applicability to tropical areas and 
areas of rapid land-use change.

International

Globally, there are many regional and con-
tinental programmes considering SOC. Ex-
amples include the European Soil Portal of 
the EC Joint Research Centre (http://eusoils.
jrc.ec.europa.eu/), which provides (among 
many things) online maps of organic carbon 
content in the surface horizon of soils in 
Europe (Jones et al., 2005a,b) and links to 
information and networks for other areas 
of the globe, including the GSP (see http://
www.fao.org/globalsoilpartnership/en/ 
and action plan for Pillar 4 that was en-
dorsed by the Plenary). Within the GSP, the 
ITPS was established and is fully oper-
ational (Montanarella and Vargas, 2012). 
The GSP is a major international initiative 
that has recently produced an analysis of 
the state of the art of soil information, in-
cluding information on SOC (Omuto et al., 
2012; Chapter 29, this volume). Another ex-
ample is a new network for francophone 
 Africa, ‘Carbone des Sols’, which aims to 
exchange information on the estimation of 
SOC storage and methods to achieve this 
(http://www. reseau- carbone-sol-afrique.
org). A global consortium has been formed 
that aims to make a new digital soil map of 
the world using state-of-the-art and emer-
ging technologies for soil mapping and pre-
dicting soil properties at fine resolution: http://
www.globalsoilmap.net. Finally, the Global 
Soil Biodiversity Initiative aims at devel-
oping a coherent platform for promoting the 
translation of  expert knowledge on soil 
biodiversity into environmental policy 
and sustainable land management for the 
protection and  enhancement of ecosystem 

services including C storage in soils (http://
globalsoilbiodiversity.org/).

Issues of data sharing and governmen-
tal restrictions on exchanging soils informa-
tion remain a problem in many regions of 
the globe, and actions to facilitate data ex-
change are needed. This issue is currently 
seen as important within the International 
Council for Science (ICSU) World Data Sys-
tem and also in the data policy of ISRIC 
World Soils Information (Batjes et al., 2013). 
ISRIC have developed and made available 
many resources related to global informa-
tion on SOC. This includes contributions 
to  the Harmonized World Soil Database 
(HWSD) (FAO, 2013). ISRIC has provided a 
set of derived soil properties including SOC 
content and bulk density. For areas of the 
world covered by SOTER, the soil proper-
ties are ‘best estimates’ based on information 
from ISRIC’s database of soil profile infor-
mation (World Inventory of Soil Emission 
Potentials, WISE). Profile information is under- 
represented for many areas of the globe, not-
ably the global south, and is needed urgently. 
Online facilities for collecting such profiles, 
through crowd sourcing, have recently been 
launched (see: http://worldsoilprofiles.org/). 
In conjunction with this, a suite of tools for 
analysing and mapping the data, at various 
resolutions, are being developed to help 
address a range of global issues, including 
SOC management (see Batjes et al., 2013). 
Other programmes such as the United Na-
tions Environment Programme’s World Con-
servation Monitoring Centre (UNEP–WCMC) 
have used the HWSD to generate an im-
proved global map of SOC values to a 1 m 
depth at 1 km spatial resolution (Scharla-
man et al., 2104).

In terms of tools to make global assess-
ments of SOC stock changes, there are ex-
amples of General Circulation Models (GCMs) 
such as HadCM3LC that represent SOC us-
ing a single pool (Cox et al., 2000). The 
benefits of coupling such models to more 
complex multicompartmental models such 
as RothC for global assessments have been 
demonstrated; however, the main barrier to 
this approach is the availability of suitable 
data to initialize the different pools represented 
by the model. Global efforts are needed to 

http://eusoils.jrc.ec.europa.eu/
http://eusoils.jrc.ec.europa.eu/
http://www.fao.org/globalsoilpartnership/en/
http://www.fao.org/globalsoilpartnership/en/
http://www.�reseau-�carbone-sol-afrique.org
http://www.�reseau-�carbone-sol-afrique.org
http://www.globalsoilmap.net
http://www.globalsoilmap.net
http://globalsoilbiodiversity.org/
http://globalsoilbiodiversity.org/
http://worldsoilprofiles.org/
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collate such data for those areas of the globe 
where data are currently missing.

Actors

Advocates and institutions

Local scale

Local entry points to identify innovative 
practices, to advocate for their dissemin-
ation or simply to raise awareness, range 
from individual farmers (including those 
sometimes referred to as champion farmers) 
to unions of farmers at different adminis-
trative and geographical scales. For in-
stance, in Africa, there has been in the past 
two decades an important development of 
farmers’ organizations. These organizations 
have established five regional larger net-
works in Africa (Plate 6): the Union Magh-
rébine des Agriculteurs (UMAGRI); the 
Réseau des Organisations Paysannes et de 
Producteurs de l’Afrique de l’Ouest (ROP-
PA); the Eastern Africa Farmers Federation 
(EAFF); the Plateforme Sous-Régionale des 
Organisations Paysannes d’Afrique Centrale 
(PROPAC); and the Southern African Con-
federation of Agricultural Unions (SACAU). 
As it might be difficult to reach scattered 
farmers, a key issue at the local level is 
therefore to find a suitable entry point. That 
is where organizations, cooperatives and 
value chain federations constitute key insti-
tutions as farmers’ aggregators at the local 
level. Those organizations can also permit 
linkage with national and international 
levels; thus, such organizations often repre-
sent thousands of farmers or regional net-
works of federations of farmers, which may 
represent over several million farmers. 
Until now, however, local farmers’ organ-
izations have rarely included soil-quality 
concepts in their communications to farm-
ers, despite a growing awareness of some of 
them. A major distortion of this awareness 
(in Europe at least) is that farmers often 
receive ‘technical’ support from high-value 
income sellers promoting improved seeds 
or pesticides often linked to specific agricul-
tural practices requiring high levels of inputs; 

like, for example, zero tillage in combination 
with specific herbicides.

National scale

At the national level, the best entry point 
should include ministries involved not 
only in agriculture and forestry but also in 
environmental management. Cross-sectorial 
ministry coordination is essential; thus, C 
sequestration can involve directly or indir-
ectly different environmental issues, eco-
nomic aspects and legislative necessities 
(food regulation, certification and labelling, 
and C footprinting). National focal points of 
the different international agreements should 
also be involved. Fortunately, in most coun-
tries, they are already linked with ministries.

At the national scale, most consumers 
in developed countries are already con-
cerned by the notion of C footprinting. For 
instance, policies and legislation are being 
implemented in buildings, energy and trans-
portation, but C footprinting of agriculture 
and food products is still in its infancy, with 
many debates concerning methodologies 
and communication to the public.

A major issue concerns land-use change 
(LUC) and whether LUC should be recog-
nized as playing a major role in GHG emis-
sions associated with products. LUC includes 
direct LUC (dLUC), occurring in the study 
area itself, and indirect LUC (iLUC), occurring 
outside the study area but resulting from 
changes within the study area. Including 
iLUC in environmental assessment involves 
many different assumptions about the socio- 
economic relationships between different 
areas. Several methodologies for quantify-
ing the share of dLUC and iLUC are cur-
rently being proposed and discussed as part 
of the debate of bioenergy approaches that 
focuses on the impacts of changes and the 
relationships between production systems 
(Brander et al., 2009).

In addition, the national development 
or cooperation agencies could have a role 
to play (e.g. US Agency for International De-
velopment (USAID), Deutsche Gesellschaft 
für Internationale Zusammenarbeit (GIZ), 
the French Development Agency (AFD), 
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Japan International Cooperation Agency (JICA), 
Department for International Development 
(DFID)). Thus, priorities of actions set by 
those agencies will influence the implemen-
tation of technical options for mitigating cli-
mate change. National agricultural research 
systems (NARS) are key institutions in bring-
ing the necessary sound science concerning 
the mitigation potential of different tech-
nical mitigation strategies. NARS should have 
in their prior references the promotion of 
mitigation strategies (Chapter 9, this vol-
ume) and/or improvement of the methodo-
logical aspects (Chapter 16, this volume).

The institutions at the level that works 
with ‘mitigation’ strategies are involved 
most of the time with ‘adaptation’. Thus, 
the advocacy should consider the trade-offs 
between these two aspects. Hopefully, most 
mitigation strategies concerning SOC se-
questration will also promote more resilient 
systems through the co-benefits associated 
with SOM management. Most OECD (Or-
ganisation for Economic Co-operation and 
Development) national agencies promote 
policy guidance for implementing adapta-
tion strategies in their cooperative effort 
(OECD, 2009).

International scale

After the 2008 and 2009 food price crises 
and food riots, the international debates began 
to consider more strongly the agriculture 
sector and the SOC sequestration options 
(Chapter 9, this volume). SOC is now recog-
nized as a global environmental issue, and 
policies should capitalize on UN institutions 
that promote SOC sequestration. At first, 
initiatives were promoted individually by 
different UN agencies, such as the GEF, 
FAO, UNEP, International Fund for Agricul-
tural Development (IFAD) or the World 
Bank. Now, most UN agencies are promoting 
convergent strategies, e.g. the climate-smart 
agriculture initiative and the Global Donor 
Platform for Rural development (http://www.
donorplatform.org). The GSP is an example 
of a convergent strategy, i.e. through the de-
velopment of action plans for the five pillars.

It is important to maintain, or even 
give force to, SOC initiatives within such 

 international institutions, as they are also re-
sponsible for the management of funds and 
can influence widely the implementation 
of activities (for a comprehensive list of 
funds linked with mitigation, adaptation 
and REDD, see http://www.climatefundsup-
date.org/listing). They are either directly 
implementing programmes to mitigate, as 
the Bio- carbon Fund from the World Bank 
or the MICCA programme from FAO. More-
over, they are also searching to maximize 
synergies between rural development and 
mitigation (Branca et al., 2013), promoting 
the use of simple ex ante tools. For instance, 
the ex ante C-balance tool (EX-ACT, Bernoux 
et al., 2010), an FAO initiative, has appraised 
during the past 4 years more than 30 develop-
ment programmes and national policies, repre-
senting the equivalent of c.US$3.5 billion of 
investment in rural development (see http://
www.fao.org/tc/exact/ex-act-applications/en/).

More recently, the GSP is positioned as 
the perfect entry place to centralize the pol-
icy debates concerning soils, and thus SOC 
sequestration. The ITPS established within 
the GSP will support the science–policy 
interfaces of the relevant environmental 
conventions, e.g. the IPCC and the IPBES, 
with the necessary scientific knowledge and 
advice on SOC.

Other relevant international institu-
tions that might be fully concerned include the 
EU as the single biggest donor organization 
in the world, which can promote policies 
influencing all EU members as well as other 
countries in the world. However, the entry 
point is delicate; it can be at the higher level 
or at the national level. Chapter 29, this vol-
ume, details the effort made for the imple-
mentation of the Soil Thematic Strategy for 
Soil Protection (COM (2006) 231 final (EC, 
2006a); COM (2006) 232 (EC, 2006b); and 
COM (2012) 46 (EC, 2012)). The Common 
Agricultural Policy (CAP) is the agricultural 
and rural development policy of the EU con-
cerned with ensuring sufficient food at rea-
sonable and stable prices (EC, 2009, 2012). 
With respect to soil protection, the CAP con-
tributes preventing and mitigating soil deg-
radation in order to build up SOM, enhance 
soil biodiversity and reduce soil erosion, 
contamination and compaction (Chapter 29, 

http://www.donorplatform.org
http://www.donorplatform.org
http://www.climatefundsup-date.org/listing
http://www.climatefundsup-date.org/listing
http://www.fao.org/tc/exact/ex-act-applications/en/
http://www.fao.org/tc/exact/ex-act-applications/en/


74 B. van Wesemael et al. 

this volume). For several years, debates have 
been engaged in at the EU level to mainstream 
cross-compliance within agriculture policies. 
The EU defines cross-compliance as ‘a 
mechanism that links direct payments to 
compliance by farmers with basic standards 
concerning the environment, food safety, ani-
mal and plant health and animal welfare, as 
well as the requirement of maintaining land 
in good agricultural and environmental con-
dition’ (http://ec.europa.eu/agriculture/envir/
cross-compliance/index_en.htm). This last 
point can be an efficient entry point to advo-
cate for SOC sequestration, and for payment 
of associated ecosystems services (PES). Other 
international organizations, FAO for example, 
are also working to mainstream PES into agri-
cultural development and poverty reduction 
(FAO, 2011).

Concerning the CAP policies, Henriksen 
et al. (2011) recognized that synergies be-
tween mitigation and agricultural produc-
tion were currently not exploited fully at the 
EU policy level, and suggested that there 
was much scope to encourage soil manage-
ment strategies in Europe that would mitigate 
GHG emissions (Chapter 29, this volume).

The equivalent of NARS at the inter-
national level, for example the Consultative 
Group on International Agricultural Research 
(CGIAR) centres and their associated pro-
grammes, such as the Research Programme 
on Climate Change, Agriculture and Food 
Security (CCAFS), have to be involved in 
the policy-making path. Recently, 33 na-
tional initiatives from different countries 
were merged into a common effort under the 
Global Research Alliance (GRA) on agricul-
tural GHG. GRA members set three research 
groups, namely croplands, paddy rice and 
livestock, and two additional cross-cutting 
groups directly in link with SOC: ‘carbon 
and nitrogen cycling’ and ‘inventories and 
measurement’. Research at the international 
level includes the aggregation of national 
initiatives within international coalitions 
(see GRA above) or initiatives. Different inter-
national research programmes are also under 
way (e.g. the EU Ecofinders project, http://
ecofinders.dmu.dk/) on the relation between 
biodiversity and C storage/mineralization 
(Chapter 11, this volume).

Governance

Environmental governance may be defined 
as the rules, practices and institutions for 
the management of the environment and the 
standards, values and behavioural mechan-
isms used by citizens, organizations and 
interest groups for exercising their rights 
and defending their interests in using natural 
resources. Good environmental governance 
takes into account the role of all actors that im-
pact on the environment – from govern-
ments, NGOs, private sector and civil society. 
As UNEP (2010) notes, ‘cooperation between 
all actors is critical to achieving effective 
governance . . . towards a more sustainable 
 future’. However, because of its complex 
linkages, governance for SOC raises substan-
tial logistical and practical problems.

Natural resources, including SOC, and 
the environment are global public goods. 
Nevertheless, they are goods that also exist 
in the private domain, such as on farms. 
Therefore, SOC is often managed privately, 
but has impacts on atmospheric C that is 
unambiguously global. The global nature of 
these goods stems from their relationship 
between those who look after the resources – in 
the case of SOC, mainly land users as the 
immediate custodians and ‘guardians’ – and 
those who benefit from the public goods – 
mainly nation states, some far away (such as 
Pacific islands at sea level) and the global 
community. This is well recognized in the 
whole climate change debate, where it is 
clear to most that incremental small changes 
towards climate change mitigation controlled 
by individuals or small groups in the re-
lease of GHGs potentially benefits everyone.

The equivalent case for SOC has not 
 received the same attention, although it inter-
sects closely with GHGs and climate change. 
This planetary dimension requires a collect-
ive management approach with governance 
arrangements that are targeted  appropriately 
for different stakeholders at different levels. 
The governance challenge, then, is how 
to generate a conducive enabling and main-
streaming environment for SOC that will 
encourage and incentivize the ‘guardians’ 
and exact suitable controls and penalties 
on those who choose to ignore the policy 

http://ec.europa.eu/agriculture/envir/cross-compliance/index_en.htm
http://ec.europa.eu/agriculture/envir/cross-compliance/index_en.htm
http://ecofinders.dmu.dk/
http://ecofinders.dmu.dk/
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imperative. In addition, governance has to 
work at multiple scales and in different pol-
itical and social environments.

What are the barriers for governance of 
SOC? Some key principles for SOC govern-
ance need to be elaborated. Governance struc-
tures must:

	•	 Embed	SOC	in	all	levels	of	relevant	de-
cision making and action, so that deci-
sions on the allocation of resources or 
the development of new curricula, for 
example, must take account of the im-
portance of SOC.

	•	 Conceptualize	rural	and	urban	commu-
nities and economic and political life 
as collective interest groups for the en-
vironment, which means that SOC be-
comes a responsibility for all levels of 
society – and not just an interest of land 
users. This is particularly relevant where 
incentives and penalties are to operate 
as part of governance structures – as 
they will have to with SOC.

	•	 Emphasize	 the	 connection	 of	 people	 to	
the ecosystems in which they live and 
their collective reliance on the SOC in 
the ecosystems which provide goods and 
services. Goods and services are derived 
privately but emanate from a complex of 
private and public processes. Governance – 
or more explicitly, the point of interven-
tion to achieve sustainable control – must 
balance private and public responsibility 
and not just target the weakest in society, 
the poor rural land user.

	•	 Promote	a	transition	from	relatively	sim-
ple linear systems (such as the promo-
tion of land-use practices that maximize 
SOC) to circular positive-feedback systems 
that generate co-benefits and complex re-
inforcing interactions with multiple entry 
points (such as organic agriculture, mar-
kets, incentives and nutrition). The concept 
of Zero Net Land Degradation, proposed 
by the UNCCD secretariat, is an example 
(Chapter 29, this volume).

Local

Because of its nature and management, SOC 
requires participative local environmen-
tal governance arrangements. The principal 

actors involved are land users as the imme-
diate guardians of SOC, local professionals, 
local government and NGOs (Plate 6). Key 
considerations (based on Vidal, 2005) will 
include:

	•	 Utilizing	local	social	capital,	including	
local knowledge on soil resources, local 
leaderships and local education and 
training. Building SOC must become 
part of the local soil management dis-
course, familiarly discussed by men 
and women, old and young.

	•	 Participation	 and	 information	 access:	
decision making on soil management 
and land use must be based on adequate 
and legitimate information. Access to 
this information is critical.

•	 Government	presence:	at	the	local	level,	
the promoters of SOC are primarily pro-
fessionals such as agricultural extension 
workers. They have to be trained ad-
equately, resourced and incentivized. 
In some countries, such local profes-
sionals act as gatekeepers to subsidize 
and incentivize as well as being the 
source of technical information.

	•	 Local	institutional	framework:	informal	
mechanisms need to be employed for de-
centralized environmental governance, 
including forums for social interaction 
and agreements acceptable to local stake-
holders. The institutional framework 
needs to address both collective action, 
such as the management of organic 
residues that are normally available as 
community-wide free resources, and 
private action that needs to be regulated 
for the collective good.

National

According to Benjamin and Fulton (2011, p. 2): 
‘without effective environmental governance 
at the national level, none of our sustainabil-
ity aspirations – international or domestic – 
can be realized.’ This highlights the pivotal 
role of good governance by nation states, 
not only in filtering down to the local level 
but also in aggregating up to the global and 
international levels. Because of its complex 
nature and multiple stakeholders, the govern-
ance of SOC will be especially challenging. 
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The same paper elaborates seven precepts 
for effective environmental governance:

	•	 Environmental	 laws	 should	 be	 clear,	
even-handed, implementable and en-
forceable.

	•	 Environmental	 information	 should	 be	
shared with the public.

	•	 Affected	 stakeholders	 should	 be	 af-
forded opportunities to participate in 
environmental decision making.

	•	 Environmental	 decision	 makers,	 both	
public and private, should be account-
able for their decisions.

	•	 Roles	 and	 lines	of	 authority	 for	 envir-
onmental protection should be clear, 
coordinated and designed to produce 
efficient and non-duplicative program-
me delivery.

	•	 Affected	 stakeholders	 should	have	 ac-
cess to fair and responsive dispute reso-
lution procedures.

	•	 Graft	 and	 corruption	 in	 environmen-
tal pro gramme delivery can obstruct 
environmental protection and mask 
results and must be actively prevented.

Governance for SOC at the national level 
must be subject to laws and regulations ap-
propriate to national procedures and en-
forcement mechanisms relevant to other 
closely related environmental issues. This 
would often entail explicitly coupling SOC 
maintenance to regulations for controlling 
soil degradation and incentives for encour-
aging soil conservation. A ‘carrot-and-stick’ 
approach may be adopted, providing penal-
ties for losing SOC along with subsidies for 
increasing SOC.

A forum for governance for SOC is in 
the various National Action Plans written to 
meet country obligations under several of 
the environmental and sustainable develop-
ment conventions. Examples where SOC 
needs to be included and/or strengthened in 
its profile and importance are:

	•	 National	Action	Plan	on	Climate	Change	
(NAPCC); required by signatory coun-
tries to the UNFCCC.

	•	 National	Action	Plans	 (NAPs)	 to	com-
bat desertification; required by the 
UNCCD.

	•	 Nationally	Appropriate	Mitigation	Ac-
tions (NAMA) of developing country 
partners; required by the UNFCCC.

	•	 Agenda	 21	 national	 plans	 under	 the	
lead of the UN Commission on Environ-
ment and Development, and National 
Sustainable Development Strategies 
(NSDS).

	•	 National	and	regional	agricultural	policies	
(e.g. EU Common Agricultural  Policy).

There is an unfortunate tendency for these 
national action plans to have very limited 
circulation and be unknown outside the 
ministry tasked with delivering the text – 
often a relatively weak ministry such as 
 environment. Governance at national level 
needs to be mainstreamed into ministries of 
agriculture, finance, planning and economic 
development. SOC suffers at two levels in 
national governance arrangements. First, 
there is no single obvious repository for 
policy on SOC to be included in national 
plans – therefore, it becomes nobody’s clear 
responsibility. Finance ministries are un-
likely to take up the challenge, while envir-
onment, agriculture, rural development, energy 
and other possible line agencies have many 
other priorities. Second, while SOC has a 
relatively inconspicuous profile at the na-
tional level, the accomplishment of better 
governance arrangements will remain un-
achievable as a single priority issue. In the 
meantime, national-level better governance 
for SOC will necessarily have to ride on the 
‘coat-tails’ of more high-profile issues such 
as climate change, pollution and food security.

International

At the international level, global environmen-
tal governance is ‘the sum of organizations, 
policy instruments, financing mechanisms, 
rules, procedures and norms that regulate 
the processes of global environmental pro-
tection’. Therefore, the international level is 
largely the sum of national governance and 
reporting arrangements, with global finan-
cing mechanisms such as the GEF (for land 
degradation, climate change and biodiversity) 
and the Global Mechanism (for desertification 
control). The GEF, for example, is currently 
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negotiating a new strategy with its developed 
country parties – its donors – for the next 
replenishment (GEF-6; 2014–2018) that in-
cludes SOC. If soil carbon gets explicit men-
tion as either or both of objectives and impact 
indicator, then some measure of  compli-
ance will inevitably follow. The  financing 
incentive is probably the most influential 
mechanism in governance, alerting country 
parties to the global environmental conven-
tions that money will only follow inclusion 
of SOC as something worth accumulating.

There is a large literature on international 
environmental governance – for example 
 Aggarwal-Khan (2012) – and the difficulties of 
achieving compliance, when almost all agree-
ments are non-binding. Compliance is pri-
marily via the open release of national action 
plans on convention websites. Therefore, gov-
ernance is essentially by national peer pres-
sure, identifying the ‘guilty’ or the ‘weak’ and 
praising those countries that have comprehen-
sive plans and strategies. For the same reasons 
as at the national level, SOC struggles to 
achieve a high profile and must necessarily be 
placed as a subset of more high-profile issues.

One of the possibilities for better gov-
ernance arrangements internationally is to    
re-seek some way through international 
agreements to design carbon markets that 
include SOC accumulations by developing 
countries in return for payments by devel-
oped countries. REDD is an effort to create 
a financial value for the C stored in forests, 
offering incentives for developing countries 
to reduce emissions from forested lands 
and invest in low-carbon paths to sustainable 
development. ‘REDD+’ goes beyond defor-
estation and forest degradation and includes 
the role of conservation, the sustainable 
management of forests and the enhancement 
of  forest C stocks. REDD+ may be a model 
for SOC also to be included in C account-
ing. Verification and compliance will need 
to be addressed and made more robust.

Recommendations

The disconnection between the scientific 
and the policy arenas at the international 
level can only be solved with an innovative 

language through clear and simple messages 
(see also the overview in Table 5.1).

Policy imperative

	•	 At	the	local level, programmes aiming 
at restoring SOC should address the re-
source capacity, socio-economic circum-
stances and field production conditions 
of the farmers.

	•	 At	 the	 national level, land planning, 
economic incentives, legal frameworks 
and regulatory mechanisms should 
stimulate soil protection and SOC 
 improvement.

	•	 The	starting	point	for	entering	SOC	into	
the policy arena should be to emphasize 
its key cross-cutting role in high-profile 
topics such as food security, sustain-
able development and climate change 
scenarios.

Policy profile and discourse

	•	 At	 the	 local level, it is necessary to 
adopt an appropriate discourse that 
 focuses on: (i) the holistic perception of 
the soil fertility from farmers; and 
(ii) the economical access of farmers to 
resources.

	•	 At	 the	 national level, training pro-
grammes and events to address the 
public should be adopted, passing on 
the message of soil as a heritage and of 
the importance of SOM in adequate soil 
management.

	•	 At	 the	 international level, the focus 
should be on coordination and commu-
nication: (i) all the jeopardized efforts 
to raise awareness by different hotspots 
should team up under a unique organ-
ization such as the GSP; (ii) all types of 
media should be explored and broad-
ened with an innovative approach (cul-
tural, services, society concerns, educa-
tional targets); (iii)  an international 
agenda for soil should be established to 
promote and speed up the setting up of 
all the previous recommendations.
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Policy rationale

•	 An	economic	valuation	of	SOC	should	
be based on a methodology to quantify 
the soil capital, and in particular the 
contribution of SOC, in order to pre-
serve this heritage for future gener-
ations.

Policy support

	•	 At	 the	 local level, develop pro-
grammes that pull together information 
on cropping systems and practices in 
developing countries and build cap-
acity at the local level to use tools and 
methods.

	•	 Harmonize	 national-level SMNs so 
they can be compared with each other 
and include the parameters needed to 
make estimates of SOC (e.g. bulk 
 density).

	•	 Facilitate	 actions	 to	 enable	 data	 ex-
change where there are national or 
 regional restrictions.

Advocates and institutions

	•	 Strategy:	 move	 beyond	 UNFCCC	 us-
ing SOC as an indicator of other 

 co- benefits, to link better with bio-
diversity, food security and sustainable 
development.

Governance

	•	 SOC	must	 find	 a	 set	 of	 flexible	 narra-
tives and discourses that create a strong 
‘story’ in compelling language suitable 
for multiple policy arenas.

	•	 The	relevance	and	importance	of	SOC	
must be embedded in all levels of deci-
sion making and action, via the high- 
profile global accords (such as UNCCD, 
United Nations Conference on Environ-
ment and Development (UNCED)), na-
tional action plans (NAPs, NAMAs) 
and institutions at all levels, such as 
NGOs and NARS.

	•	 Good	governance	must	underpin	initia-
tives to prioritize SOC with arrange-
ments that provide specifically targeted 
incentives/subsidies and penalties for 
non-compliance.
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Notes

1As an example, the Commission 4.4 ‘Soil education and public awareness’ of the International 
Union of Soil Science (IUSS) organize every 4 years within the International Congress of Soil Science 
some symposiums on this subject.
2First Global Soil Week 2012. Rapporteurs’ Reports. Global Soil Forum. Institute for Advanced 
Sustainability Studies (IASS), Potsdam, Germany.
3‘Securing healthy soils for a food secure world’, a day dedicated to soils (http://www.fao.org/
globalsoilpartnership/world-soil-day/en/).
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Essentially, all life depends upon the soil . . . There can be no life without soil and no soil 
without life; they have evolved together.

USDA Yearbook of Agriculture (1938) by Charles E. Kellogg
Abstract
Soil formation reflects the complex interaction of many factors, among the most important of which 
are (i) the nature of the soil parent material, (ii) regional climate, (iii) organisms, including humans, 
(iv) topography and (v) time. These processes operate in Earth’s critical zone; the thin veneer of our 
planet where rock meets life. Understanding the operation of these soil-forming factors requires an 
interdisciplinary approach and is a necessary predicate to charactering soil processes and functions, 
mitigating soil degradation and adapting soil management to environmental change. In this chapter, 
we discuss how these soil-forming factors operate both singly and in concert in natural and human 
modified environments. We emphasize the role that soil organic matter plays in these processes to 
provide context for understanding the benefits that it bestows on humanity.

6 Soil Formation

 Marty Goldhaber* and Steven A. Banwart

Introduction

In this paper, we examine the processes of 
soil formation, emphasizing factors that in-
fluence or are influenced by the organic matter. 
Soil organic matter is crucial to the func-
tioning of natural and managed ecosystems. 
It is also a significant component of the glo-
bal carbon (C) budget. Excluding carbonate 
rocks, it represents about 1500 Gt C in the 
top 1 m, and possibly another 900 Gt C at a 
depth of 1–2 m (e.g. Batjes, 1996). This mass 
is approximately twice that of the carbon held 
in the atmosphere and three times the amount 

held in terrestrial vegetation. For these reasons, 
the behaviour of soil organic matter during 
soil formation and erosion is an important 
topic at all scales, from local to global. In 
this paper, soil organic carbon (Corg) will be 
taken as a proxy for organic matter, unless 
specified otherwise.

We approach the subject of soil formation 
with a broad perspective rooted in geology. 
The reason is that soil formation is a reflection 
of processes occurring over a greater vertical 
interval of Earth’s near surface, rather than the 
soil profile itself. In fact, soils are nested within 
Earth’s critical zone (CZ), which represents 

*E-mail: mgold@usgs.gov
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a thin veneer of our planet where rock meets 
life. The critical zone is ‘the heterogeneous, 
near-surface environment in which complex 
interactions involving rock, soil, water, air, 
and living organisms regulate the natural 
habitat and determine the availability of life- 
sustaining resources’ (National Research Coun-
cil, 2001; Figs 6.1 and 6.2).

In order to discuss soil formation in this 
CZ context, we adopt the definitions of the 
CZ system of Brantley et al. (2011), noting 
that other definitions may exist. The base of 
the CZ is the parent material – earth mater-
ial that was present prior to soil formation, 
be it bedrock or unconsolidated sediment. 
Alteration of bedrock leads to regolith; the 
mantle of unconsolidated and altered mater-
ial derived from the parent material. Rego-
lith is the transportable material at Earth’s 
surface. Unconsolidated parent material and 
regolith can be transported great distances 
and deposited, where soil formation subse-
quently proceeds, potentially far from the 
location of the initial exposure of the parent 
material to Earth’s surface. Saprolite is the 
zone within the regolith where bedrock 
 alters in place, generally retaining evidence 
of the parent material texture and fabric. 
Weathering refers to processes that turn 
 parent material into regolith. In general, 
weathering is a consequence of the exposure 

of earth materials, formed at elevated tem-
perature and pressure, to near-surface condi-
tions at which they are thermodynamically 
unstable. The regolith–parent material inter-
face is the weathering front.

The most important consequence of 
weathering is to form soil, which is the layer 
capping the regolith that has been altered 
extensively by chemical, physical and bio-
logical processes, often leading to the devel-
opment of horizons (unique layers within 
the soil). There is substantial complexity in 
how these horizons develop, given the wide 
variety in the interaction of the state factors 
of soil formation (described below). Like-
wise, the terminology to describe soil layers 
is complex and differs around the globe. 
However, in simplified form, the layers from 
top to bottom commonly consist of: the O 
horizon, a layer of plant residues; the A hori-
zon, a layer of mineral soil depleted in iron, 
clay, and aluminum and soluble constituents; 
the B horizon, which has accumulated iron, 
clay and aluminium; and the C horizon, the 
parent material. Typically, soil organic car-
bon is most elevated near the surface (O and 
A horizons) compared to deeper layers.

With this conceptual model in mind, 
we can summarize soil formation, by a mass 
balance approach, as primarily the product of 
weathering losses of mineral elements from 
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Fig. 6.1. Earth’s weathering engine and the 
critical zone. Uplift of continents and exposure 
of rock provides a flux of reactive soil parent 
material at Earth’s surface. This weathering 
engine is an enormous, planetary-scale, 
biogeochemical reactor. The other inputs to form 
soil are the fluxes of infiltrating precipitation 
and solutes, the addition of organic carbon 
that has been fixed by plant photosynthesis 
above the surface and the diffusion of 
atmospheric gases. As soil layers form, they 
are also removed by ongoing physical erosion 
and chemical denudation of elements from the 
soil profile – by aeolian and hydrological 
transport to depositional environments and to 
groundwater. (From Brantley et al., 2007.)
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Fig. 6.2. As soil forms from the regolith, the minerals of the parent material dissolve, contributing solutes to the pore water solution that can be hydrologically 
transported from the soil profile. Within the soil profile, secondary mineral phases form by pseudomorphic mineral alteration or precipitation from solution, 
 particularly micro- and nano-sized fragments of clay minerals and binary oxide minerals of Fe and Al. Organic carbon addition to the saprolite occurs by 
 deposition of dead plant litter, which is vertically mixed by soil fauna, and through the allocation of photosynthate carbon belowground via root growth, allocation 
to microbial root symbionts such as mycorrhizal fungi and as organic exudates. All of these organic inputs provide a carbon and energy source to support 
heterotrophic organisms as organic matter decomposers and other functional communities of the microbial ecosystem of the soil. Living organisms bind with 
decaying biomass and mineral fragments into larger aggregates, resulting in the development of soil structure – the mass distribution of aggregates by size, also 
reflecting the pore size distribution. Thus, soil formation occurs at the reactive interface of Earth’s surface where parent material meets plant inputs and infiltrating 
water. (From Victoria et al., 2012.)
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the initial parent material and additions 
from plants (Amundson, 2005). To these 
we must also include alteration of parent 
material, as well as external inputs from 
sources other than plants. The soil produc-
tion rate is the rate at which saprolite is con-
verted to soil. To expand upon these two 
statements, it is first useful to recognize that 
weathering and soil formation are coupled 
through the ‘state factors of soil formation’, 
originally described by Dokuchaev (1880; 
cited by Fortescue, 1992). A description of 
the factors of soil formation that is highly 
relevant today was given by Jenny (1941). 
These are: (i) nature of soil parent material; 
(ii) regional climate; (iii) organisms includ-
ing humans; (iv) topography; and (v) time. 
The combined influence of these soil-forming 
factors determines the properties of a soil. 
Understanding the complex interactions 
among these factors requires an interdiscip-
linary scientific approach (Brantley et al., 
2007). Further, characterizing soil forma-
tion is complicated by the fact that the pro-
cesses involved occur over distance scales 
from the submicroscopic to planetary (see 
Fig. 6.1) and timescales from microseconds 
to millions of years (Brantley et al., 2007; 
Brantley, 2008).

Separation of the State Variables

Although the processes leading to soil for-
mation are interdependent, these can be 
separated under some circumstances, thus 
permitting clarification of the role of the in-
dividual variables.

The role of organisms

The recognition that vegetation plays an im-
portant role in weathering can be traced 
back to Belt (1874; cited by White, 2003). 
He wrote that ‘the percolation through rocks 
of rain water charged with a little acid from 
decomposing vegetation’ accelerated weather-
ing. Plants are the main source of carbon to 
soils through tissue residues, root exudates 
and symbiotic fungi.

To appreciate the profound global role 
that plants have played in weathering and 
soil formation, it is useful to consider the 
broad sweep of Earth’s history. As expressed 
by Amundson et al. (2007), ‘The surface of 
our planet is the result of billions of years 
of feedback between biota and earth mater-
ials.’ Paleosols, soils formed in Earth’s past 
and preserved in the rock record, document 
the profound influence of biota on Earth 
surface processes. Weathering processes 
during Earth’s early history differed from 
modern ones as the result of the planetary- 
scale evolution of Earth’s biota and feed-
backs of this evolution to the atmosphere. 
During the Archean (i.e. prior to 2.5 Ga), soil 
formed under a reducing atmosphere, result-
ing in loss of iron from the profile (Rye and 
Holland, 1998). None the less, these very 
early soils are thick, clay-bearing, exhibit 
loss of the base cations Ca2+, Mg2+ and Na+, 
and based on carbon isotopic evidence, show 
traces of life (see review by Retallack, 2005). 
The intensity of Archean weathering may 
 reflect an elevated atmospheric CO2 content 
compared to today. Later, colonization of 
land by mosses, fungi and liverworts by 
700 Ma led to enhanced clay formation and 
burial of organic C at continental margins. 
Kennedy et al. (2006) proposed that the col-
onization of land surfaces by fungi and other 
organisms stabilized soil cover, created longer 
groundwater residence times, added organic 
acids and chelating agents and drastically 
enhanced secondary mineral formation, i.e. 
produced a ‘clay factory’.

The advent of land plants was a major 
event in the Devonian that influenced weather-
ing and soil formation dramatically. Land 
plants altered the balance of atmospheric 
CO2 by the removal of C to plants and soil 
(Beerling and Berner, 2005). During the early 
Devonian period (about 420 Ma), small, leaf-
less plants populated the landscape, but by 
the end of the Devonian (about 359 Ma), 
large trees had evolved. This late Devonian 
flora was associated with complex and deep 
rooting systems. Deep rooting likely led to 
the enhanced dissolution of bedrock (Berner, 
1997; Retallack, 1997).

Recently, the roles of mycorrhizal fungi in 
weathering have received increased  attention 
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(Taylor et al., 2009). These organisms are sym-
biotic to plants and play a key role in provid-
ing plants with inorganic and organic nutrients 
that they might not otherwise be able to ob-
tain. Taylor et al. (2009) reviewed evidence 
that the rise of land plants during the Devon-
ian and subsequent expansion of angiosperms 
from the Cretaceous onwards, and the con-
comitant drops in atmospheric CO2, coincided 
with the co-evolution of land plants, respect-
ively, with these fungi. Subsequent evidence 
was provided through mechanistic mathem-
atical modelling of biological weathering pro-
cesses (Taylor et al., 2011) and experimental 
studies under differing modern analogues to 
evolutionary tree physiology and mycorrhizal 
associations (Quirk et al., 2012). These stud-
ies demonstrated that these co-evolutionary 
trends could explain the enhanced biological 
weathering of the continents associated with 
soil formation as the mechanism for atmos-
pheric CO2 decline.

The role of time

The role of time in soil formation, with 
 insights into biotic influences, can be illus-
trated through consideration of soil chron-
osequences. Chronosequences are suites of 
soils of different ages in topographically 
stable environments evolved under similar 
conditions of vegetation, climate and parent 
material (see Birkland, 1999, for an over-
view). Chronosequences permit the isola-
tion of the variable time in weathering and 
soil formation and are, in effect, the result of 
a natural experiment. It also should be 
noted that the relative stability of the state 
factors of soil formation that define a chron-
osequence are not likely to be replicated for 
the majority of soil weathering environments. 
Nevertheless, the study of chronosequences 
has proved to be a powerful tool to under-
stand critical zone processes and soil-forming 
processes.

A key observation based on chronose-
quence studies is that the early stages of soil 
formation are associated with volumetric 
increase due to rock break-up, whereas the 
later stages are characterized by volumetric 
decrease due to mass loss. These conclusions 

rest in significant part on the concepts intro-
duced by Brimhall and co-workers (Brim-
hall and Dietrich, 1987; Brimhall et  al., 
1991). They defined soil strain (∈ ), which is 
the change in volume relative to the initial 
volume of parent material, by the equation: 
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where rp and rs are the bulk density of the 
parent material and soil, respectively, and 
Ci,p and Ci,s are the concentration (wt %) of 
an immobile element i in the parent and 
soil, respectively. Normalization to an index 
element, for which immobility is assumed, 
is required because of variable gains and 
losses of both the major and minor elements 
during weathering. The elements zirconium 
(Zr) and titanium (Ti) are commonly em-
ployed as index elements, but niobium (Nb) 
and tantalum (Ta) might be better choices in 
strongly weathered soil (Kurtz et al., 2000).

As noted above, positive strain (expan-
sion) has been shown to be characteristic 
of  the early stages of weathering processes. 
For example, Egli et al. (2001) reported on 
a  chronosequence of glacial moraines in 
the Swiss Alps ranging in age from 150 to 
10,000 ybp. They found that expansion (posi-
tive strain) was a characteristic of young soils 
due to the increased porosity of soil com-
pared to rock, as well as the incorporation of 
low-density organic matter near the surface. 
Likewise, initial expansion over times meas-
ured in thousands to tens of thousands of 
years characterizes both a 240 ka chronose-
quence formed on beach terraces in California 
(Merritts et al., 1992), and a ~4 My chrono-
sequence formed on dated basalt flows in 
Hawaii (Vitousek et al., 1997). Thus, disag-
gregation of rock and increased porosity 
characterizes the initial processes of soil for-
mation over a broad range of climatic condi-
tions. Biological processes largely drive this 
expansion. The dominant biological pro-
cesses are associated with the accumulation 
of roots and organic matter. Roots exert sig-
nificant force that can break apart the parent 
rock, initially entering cracks as small as 
100 μm and exerting pressures over 1 MPa 
(Gabet et al., 2003).
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With time, volumetric collapse replaces 
expansion in many weathering sequences, 
as chemical weathering processes lead to 
elemental loss from the parent material. In 
topographically stable environments, low 
rates of physical denudation implies that 
volumetric loss is caused by chemical de-
nudation – the removal of elements that are 
transported hydrologically from the soil pro-
file as solutes (Brantley et al., 2011). This 
transition is in part facilitated by increased 
access to water and the increased surface area 
of mineral particles during the early expan-
sion phase. In the California beach terrace 
and Hawaii chronosequence studies men-
tioned above, this transition from expansion 
to collapse required times exceeding 40 Ky. 
However, elemental gains may also occur, for 
example by the addition of dust at the soil 
surface (Derry and Chadwick, 2007). As is the 
case for volumetric change, characterizing 
element losses and gains requires normaliza-
tion to an index element according to the 
equation (Brimhall and Dietrich, 1987): 
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where tj is the mass transfer coefficient of 
the jth element (tj = 0 means no mobiliza-
tion has occurred, −1 reflects complete re-
moval and positive values reflect addition). 
White et al. (2002) gave an example illus-
trating the application of Eqn (6.2) for 
weathering of a kaolinitic soil overlying 
porous saprolite formed from granodioritic 
bedrock located in the state of Georgia, 
USA. They found that t values for the major 
rock-forming elements clustered near zero 
in the deeper bedrock. However, calcium 
(Ca) and sodium (Na) were removed pro-
gressively within the shallow bedrock (with 
t values approaching −1 within the bedrock 
itself). Potassium and magnesium (Mg) were 
mobilized within the overlying saprolite.

The depth dependency of these mass 
transfer coefficients reflects the weathering 
characteristics of specific minerals, par-
ticularly silicates that represent 90% of 
Earth’s crust. These weathering reactions 

are a fundamental control on soil formation 
and reflect the influence of parent material. 
Brantley (2005) calculated that the mean 
lifetime of a 1 mm crystal at pH 5 might dif-
fer by over two orders of magnitude be-
tween fayalite (Fe2SiO4 – 1900 years) and 
K-feldspar (KAlSi3O8 – 740,000 years); re-
moval of the mineral, quartz, might require 
34,000,000 years under these conditions. In 
the case of granodiorite referenced above, 
Na and K removal in the early stages of 
regolith formation reflects removal of 
plagioclase (NaAlSi3O8) and K-feldspar, re-
spectively. The rate and extent of element 
removal is governed by a range of factors, as 
summarized by Brantley (2005) and White 
(2003). These differences in the weathering 
rates of individual minerals are an import-
ant control that initial parent material can 
exert on soil formation.

Time, as well as the nature of parent 
material, also plays a significant role in the 
availability of the important soil nutrients, 
nitrogen (N) and phosphorus (P) (see review 
by Vitousek et al., 2010). Initially, soil P is 
supplied predominantly from the parent 
rock in the form of minerals such as apatite 
((Ca5(PO4)3(OH,F,Cl)). The P content of the 
parent rock is thus a variable that provides 
an initial condition on the P content of the 
formed soil. With time, the initial endow-
ment of P is depleted by plant uptake, such 
that very old soils tend to be P deficient. In 
contrast, with the exception of some sedi-
mentary rocks, N is nearly absent in the par-
ent material. However, over time, symbiotic 
microbial N fixers develop in the soil and 
provide a mechanism to convert atmospheric 
N to nutrient forms for biomass production. 
As production occurs over time, the organic 
N content of the soil accumulates with Corg 
and provides a sustained reservoir of nutri-
ent N. A sequence of soil N limitation fol-
lowed by P limitation may thus develop 
with time (Lambers et al., 2008).

Data from chronosequences have also 
aided in the characterization of the evolu-
tion of organic carbon during soil forma-
tion. In the Egli et al. (2001) glacial moraine 
study, soil organic carbon content was cor-
related linearly with the degree of initial ex-
pansion of the parent rock. More generally, 



88 M. Goldhaber and S.A. Banwart 

the organic carbon content of soil has been 
shown to increase with time in chronose-
quences. Typically, there is an initial rapid 
increase in organic carbon during the early 
stages of soil formation (e.g. Harden et al., 
1992). In a recent study of soil formation pro-
cesses in the forefield of the Damma Glacier 
in central Switzerland, the progressive stages of 
soil formation as the glacier has retreated 
over the past 150 years demonstrate increases 
in soil carbon to around 3% in the most de-
veloped soil profile studied at the site (Ber-
nasconi et al., 2011). The Corg accumulation in 
soil may then continue for many millennia, but 
at a much lower rate. In support of this con-
clusion, Schlesinger (1990) derived long-term 
Corg accumulation rate data from (unculti-
vated) soil chronosequences spanning a wide 
range of ecosystem types. He documented 
that this slow accumulation accounted for 
<1% of terrestrial net primary production.

Understanding Corg-related processes in 
soil is confounded by the fact that there are 
multiple timescales of organic accumula-
tion and decomposition. Characterizing the 
rates of these processes has benefited sub-
stantially from the application of radiocar-
bon (14C) dating techniques (see Trumbore, 
2009, for an overview). This is because dif-
ferent classes of organic compounds have 
vastly different turnover times. Soil litter has 
a short residence time measured in years. 
Longer-term stabilization of Corg is tied to in-
organic soil evolution pathways that result 
in sorption to mineral phases with high sur-
face area and surface charge. The resulting 
mineral-stabilized Corg may have residence 
times measured in millennia. Soil Corg may 
also be protected by the formation of aggre-
gates (discussed in more detail below).

Role of topography

The low topographic gradient regolith-forming 
regime associated with chronosequences is 
modified significantly by the introduction 
of a topographic gradient, which changes 
the overall balance of weathering processes. 
Whereas chemical denudation removes ma-
terial from throughout the weathering pro-
file, the physical removal of material from the 

surface of the regolith (physical denudation) 
driven by topography removes only mater-
ial from the uppermost layers. In addition to 
the export of material, erosion can also re-
sult in downslope deposition, thus thicken-
ing the downslope profile and burying 
material that was formerly at the surface. 
The thickness of the regolith along topo-
graphic gradients is determined by the com-
petition between the kinetics of mineral 
weathering (chemical denudation rate) and 
the physical denudation rate. At one ex-
treme, where the physical denudation rate 
is much more rapid than mineral weather-
ing kinetics, the regolith will be thin, and 
relatively fresh material is then continu-
ously exposed to chemical weathering. In 
effect, physical denudation has the effect of 
moving less weathered material upward in 
the profile (Fig. 6.1).

The balance between chemical and phys-
ical denudation has been the focus of consid-
erable research (e.g. Yoo and Mudd, 2008; 
Gabet and Mudd, 2009; Hilley et al., 2010). A 
correlation between rates of physical denuda-
tion and chemical weathering has been recog-
nized. This correlation may result from the 
fact that as the denudation rate increases, 
fresher, more readily weathered material is 
brought to the surface. One recent analysis 
(West, 2012) concluded that the effective 
thickness of the weathering zone varied rela-
tively little across several orders of magnitude 
of denudation rate, but with increasing de-
nudation rate, the contribution of bedrock 
weathering becomes increasingly significant.

A powerful advance in characterizing 
the mechanisms of erosion has been the 
analysis of cosmogenic nuclides such as 
10Be and 26Al in river sediment, soil hori-
zons, profiles and hill slopes (see review by 
von Blanckenburg, 2005). These data inte-
grate denudation history on timescales of 
103–105 years. Among the significant trends 
identified by von Blanckenburg, rates of 
weathering co-vary primarily with physical 
erosion rates and much less with tempera-
ture or precipitation.

Erosion and soil organic carbon content 
are linked. As summarized by Lal (2003), 
erosion can have a number of effects on soil 
carbon that may differ between the sites of 
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erosion and deposition. Locally, soil organic 
carbon may be decreased by preferential 
 removal of the organic-rich surface layer, by 
enhanced exposure of residual organic matter 
to near-surface oxidative conditions, by in-
creased oxidation due to changes in soil tem-
perature and moisture, and by breakdown of 
carbon protective aggregates (discussed fur-
ther below). Conversely, revegetation may 
replenish organic matter at the erosional 
site. The organic matter transported to a de-
positional site may be oxidized during trans-
port, or protected by burial sequestration 
and reformation of soil aggregates. As discussed 
below in the section on the role of humans, 
the importance of the soil carbon–erosion 
linkage has been increased significantly by 
greatly enhanced erosion due to anthropo-
genic activities. The overall complexity of 
these erosion-linked processes has led to a 
variety of estimates on their net effect on the 
global carbon budget that range from a glo-
bal source to a global sink (see, for example, 
van Oost et al., 2007). The latter authors cal-
culated that erosion was a net sink of carbon 
globally (see also Chapters 3 and 19, respect-
ively, this volume).

A holistic view of near-surface pro-
cesses has recently emerged that can be con-
ceptualized as the operation of ‘the critical 
zone reactor’ (Anderson et al., 2007). In this 
interpretation, solid material enters through 
the lower regolith parent material boundary, 
the reactor is stirred at the top by biological 
and physical processes, sedimentary prod-
ucts are removed from the surface by ero-
sion and dissolved products leave by fluid 
flow. Operating over Earth’s entire land sur-
face, this critical zone reactor constitutes 
our planet’s weathering engine (Fig. 6.1).

The role of climate

Water availability and temperature are con-
sidered to be among the primary factors in 
regolith development and soil formation. The 
conceptual underpinning and a synthesis of 
data from weathering processes in granite ter-
rain across a range of climatic conditions il-
lustrate how these factors affect regolith 
development and soil formation (Rasmussen 

et al., 2011). The availability of water to pene-
trate the subsurface and to transport weather-
ing products is reflected in the water balance 
at a site. Water availability for weathering is 
the difference between infiltration and evapo-
transpiration; with surplus infiltration pro-
viding groundwater recharge and subsurface 
discharge to surface waters. Greater subsur-
face flow volume removes dissolved weather-
ing products from the locale of source minerals; 
preventing the back-reaction of kinetically 
inhibiting solutes and maintaining pore 
waters in a less saturated chemical state with 
respect to the dissolution and alteration of 
source minerals and the precipitation of 
secondary minerals. Temperature effects occur 
through the temperature dependence of the 
thermodynamic solubility equilibrium of 
mineral phases, and through the temperature 
dependence of the rates of mineral dissol-
ution and precipitation reactions. In broad 
terms, greater flushing of the subsurface and 
warmer subsubsurface conditions should co-
incide with greater regolith development and 
soil formation rates.

This picture of rates of weathering and 
soil formation from regolith is confounded 
by the fact that physical erosion of the land 
surface occurs simultaneously with soil for-
mation. Net rates of soil formation are re-
flected in this flux balance of soil formation 
and removal. The total flux of dissolved 
and solid material from the regolith is the 
denudation, expressed as the mass of ma-
terial per area per time. This is often ex-
pressed as an equivalent rate of lowering of 
the land surface in units of depth per unit 
time. In areas of high relief, greater topog-
raphy-driven water penetration and flush-
ing of the regolith and physical erosion 
dominate. In this case, regolith alteration is 
limited by the rate of chemical alteration; 
i.e. weathering limited. In areas with low 
rates of physical erosion, soil accumulates 
and denudation is transport limited. Wilkin-
son and McElroy (2007) estimate globally 
averaged rates of 0.062 mm year−1 total land 
surface denudation. This compares with areas 
of rapid uplift that are estimated to be much 
higher; 10–20 mm year−1 (cf. Burbank, 2002; 
Montgomery and Brandon, 2002; Montgom-
ery, 2007), compared with erosion rates for 
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conventional tillage agriculture of ~1 mm 
year−1 (Montgomery, 2007) and with around 
70% of Earth’s land surface eroding at less 
than 0.05 mm year−1 (Hilley et al., 2010).

Rasmussen et al. (2011) were able to 
disentangle climatic and tectonic (i.e. relief) 
factors, utilizing as a weathering proxy the 
Na depletion relative to Zr (i.e. application 
of Eqn 6.2) throughout the full depth of 
regolith within weathering granite terrain. 
The data were constrained to moderately 
eroding terrain (0.005–0.072 mm year−1) 
and the relative degree of water availabil-
ity for the range of sites was estimated by 
defining the humidity index, (HI, dimen-
sionless) as  the mean annual precipitation 
(MAP, mm year−1) divided by the annual po-
tential evapotranspiration (PET, mm year−1) 
(Rasmussen et al., 2011).

Sites with HI < 1 were defined as water 
limited, with the subsurface water availabil-
ity determined primarily by the availability 
of precipitation. Sites with HI > 1 were defined 
as energy limited where precipitation ex-
ceeded the energy available for evapotrans-
piration. Separating the data sets for weathering 

rates into those for sites with HI greater and 
less than 1, respectively, yielded linear cor-
relation of the natural logarithm of the 
weathering rates against temperature (Fig. 6.3; 
Rasmussen et al., 2011). The correlations 
allow apparent activation energies (Ea, kJ mol−1) 
to be estimated, yielding a value of 69 kJ mol−1 
and 136 kJ mol−1, respectively, for conditions 
of HI > 1 (wet conditions) and HI < 1 (dry 
conditions) (Rasmussen et al., 2011). Further-
more, the sites with HI < 1 (dry conditions) 
exhibited weathering rates that were inde-
pendent of total denudation rates, suggesting 
strongly weathering-limited conditions. The 
sites with HI > 1 (wetter conditions) exhibited 
a dependence of weathering rate with total 
denudation rate, but substantially less than 
a 1:1 relation, which would be indicative of 
strictly erosion-limited conditions (Fig. 6.4; 
Rasmussen et al., 2011).

Although other studies have demon-
strated the effect of climate-related factors 
such as hydrological conditions and aver-
age temperature on soil pedogenesis, the 
above study is one of the first to demon-
strate a methodology to separate the effects 
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of water availability and temperature on 
weathering as a fundamental set of soil- 
forming processes.

The Development of Soil Function

The operation of Earth’s weathering engine 
(Fig. 6.1) as influenced by the interrelated 
factors of soil formation (Jenny, 1941) does 
not reveal fully the true nature of soil. As 
soil forms, the range of chemical, biological 
and physical processes that occur gives rise 
to important soil functions that support eco-
system services, with impacts far beyond 
creating soil as a geological material that ac-
cumulates at Earth’s surface. These func-
tions include the storage and transmission 
of water, filtration and transformation of 
pollutants to reduce contamination in infil-
trating water, transformation and recycling 
of nutrients to enhance their bioavailability, 
storage of carbon and nitrogen and reduc-
tion of greenhouse gases, sustaining habitat 

and maintaining the gene pool of the terres-
trial environment (Fig. 6.2).

Central to these functions is the devel-
opment of soil structure, the building of soil 
aggregates. Soil carbon is a major factor in 
this process. As lichens and plants colonize 
the surface of parent material, the photosyn-
thate organic carbon provides an energy 
and carbon source to support heterotrophic 
microorganisms with a vital role as decom-
posers. Living organisms and extracellular 
products of decomposition such as polysac-
charide adhere to larger fragments of de-
composing biomass, and also bind rock and 
mineral fragments. These accretions form 
the larger aggregates in the size fraction of 
0.25–1 mm. These are associated with rapid 
turnover of carbon and associated nutrient 
elements from the decomposing organic 
material, thus rendering nutrients bioavail-
able for new plant productivity. The abun-
dance of decomposers also supports grazing 
populations, presumably protozoa, but also 
soil fauna that further transform ingested 
biomass, produce faecal material and also 
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physically transport this material through 
burrowing and turbation.

Fresh organic material is gradually 
transformed into humic material that binds 
to mineral surfaces and is rendered less 
bioavailable and less degradable, thus pre-
serving the remaining organic carbon. The 
smallest mineral particles, clay minerals and 
nanometric-sized oxides provide the great-
est specific surface area and associated ad-
sorption capacity by mineral mass. Sorption 
of humic substances to these polar mineral 
surfaces renders them more hydrophobic 
and prone to aggregation due to the ionic 
composition of pore water solutions. These 
agglomerations, together with bound micro-
organisms and fragments of rock and decay-
ing biomass, form particles of micron size 
and larger. These intermediate aggregates 
can also be incorporated into the larger ac-
cretions. The sorption surface area of rock 
fragments and minerals within aggregates 
also provides sorption and ion exchange 
surfaces that sequester ionic forms of min-
eral elements (PO4

3−, K+) as they are released 
during the decomposition of biomass; hence 
providing a reservoir of nutrients within the 
soil profile. The formation of larger aggre-
gates also favours the drainage of pore 
waters and ingress of atmospheric O2 to 
support root and microbial respiration in 
the subsurface.

During soil formation, aggregate forma-
tion and the development of soil structure 
are essential to establishing the full range 
of vital soil functions, and are also an indi-
cator of the state of a soil and its capacity to 
deliver ecosystem services of value. Central 
to this are both the input of recently pro-
duced organic matter, to drive rapid de-
composition and nutrient release associated 
with larger accretions of aggregates, and the 
role of decomposed organic matter, to be 
preserved as a surface-bound coating that 
also contributes to the formation of larger 
aggregates. All of these components and 
characteristics of aggregates and their for-
mation contribute with the specific roles 
described here to deliver the full range of 
soil functions. Proactive management of 
soil carbon provides a key point of human 
intervention to enhance soil structure and 

the associated delivery of soil functions 
( Chapters 9–14, this volume).

The Role of Humans

The natural processes outlined above are 
being impacted and in some cases over-
whelmed by anthropogenic ones. The rela-
tion between humans and the Earth has 
changed markedly over evolutionary his-
tory, from a minor influence on ecosystems 
to being major drivers of ecosystem change 
on a global scale. The geologist, A.P. Pavlov 
(1854–1929), was perhaps the first to recog-
nize the magnitude of human influence on 
global ecosystems, referencing his contem-
porary time as the ‘anthropogenic era’ (see 
Vernadsky, 2005); many years later, the ‘An-
thropocene’ has been proposed as a new 
geologic epoch (Zalasiewicz, 2008).

One example of the role of humans is 
the movement of sediment including soil 
on Earth’s surface. Wilkinson and McElroy 
(2007) argue that geologic denudation of the 
continents occurs dominantly at headwaters 
(83% of global river flux is derived from the 
most elevated 10% of Earth’s surface). In 
contrast, subarial erosion by humans (agri-
culture primarily) now dominantly occurs 
at lower elevations. The mean denudation 
over the past half-billion years of Earth his-
tory has lowered continental surfaces by a 
few tens of metres per million years. In 
comparison, construction and agricultural 
activities currently result in the transport of 
enough sediment and rock to lower all ice-
free continental surfaces by a few hundred 
metres per million years. Mean cropland 
soil loss from the USA (amounting to about 
11% of the global land area) is equivalent to 
a lowering of over 200 m per million years 
(Wilkinson and McElroy, 2007). Cropland 
erosion rates in Asia, Africa and South 
America are higher yet (Pimentel et al., 
1995). As a result, humans are now an order 
of magnitude more important at moving 
sediment than the sum of all other natural 
processes operating on the surface of the 
planet (Wilkinson, 2005). Maps reconstruct-
ing the development of agriculture across 
the USA between 1790 and 1997 (Waisanen 
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and Bliss, 2002) show that over a timespan 
that is miniscule compared to many geo-
logic processes, agriculture has transformed 
the landscape. As a consequence, Amund-
son et al. (2003) estimate that in the USA, 
mollisols (which correlate with grassland 
vegetation) have lost 28% of their undis-
turbed area to land-use change – primarily 
agriculture. Pimentel (2006) and Montgom-
ery (2007) estimate that erosion rates from 
agricultural fields average 1–2 orders of 
magnitude greater than rates of soil produc-
tion, with potentially negative consequences 
for human food security and environmental 
quality. As described above, these elevated 
erosional rates have consequences for local 
soil function because soil erosion is associ-
ated with the destruction of soil aggregates, 
leading to organic C loss as previously pro-
tected C is exposed to weathering (Lal, 2003). 
Cumulatively, loss of organic C from agricul-
tural and pasture lands may even have influ-
enced the planetary carbon balance (e.g. Lal, 
2003; Janzen, 2004; van Oost et al., 2007; 
Chapter 20, this volume).

Humans have also had a significant 
role in altering soil organic matter at scales 
from local to planetary (Chapter 3, this volume). 
The authors of Chapter 3, this volume, pro-
pose the existence of a soil carbon transi-
tion curve. The curve consists of a rapid 
decline of the initial endowment of soil 
 carbon due to human clearing of natural 
vegetation for agricultural land use and 
management practices such as conventional 
tillage, followed by a phase of greatly di-
minished soil fertility resulting from deple-
tion of this initial stock, and finally by 
recovery of soil organic content once agri-
cultural practices improve. Lal and Follett 
(2009) present generalized trends of relative 
soil carbon loss as a function of time since 
conversion from native to managed land 
status. This loss is rapid in the initial dec-
ade or so after conversion. Over periods of 
several decades, carbon loss (driven in part 
by enhanced erosion) may amount to up to 
80%. The absolute amounts vary with the 
setting. For example, carbon loss may amount 
to 50–70 Mg  ha–1 in tropical rainforests, 
 30–35 Mg  ha–1 in prairies and as high as 
200–220 Mg ha–1 in peatlands.

Conversely, recovery in soil organic 
carbon has taken place in many parts of the 
globe owing to practices such as no-till agri-
culture. Follett et al. (2009) reported that 
modern farming practices across a signifi-
cant portion of the USA led to a mass of car-
bon in the top 100 cm that averaged 78% of 
that in paired native sites. This topic is ex-
plored much more comprehensively in 
Chapter 3, this volume.

The Importance of Critical Zone 
Observatories

The science of Earth’s critical zone com-
bined with environmental observatory re-
search methodology provides a powerful 
framework to advance understanding of soil 
functions and soil threats. Critical Zone 
 Observatories (CZOs) are field research fa-
cilities with intensely focused multidiscip-
linary research (cf. CZO Special Issue, Vadose 
Zone Journal, Volume 10, 2011). The experi-
mental design and methodology is strongly 
hypothesis driven, with a focus on nested 
scales of observation from molecular-to- 
grain, profile-plot, catchment and basin 
scales. There is a strong emphasis on pro-
cess understanding and integration of the 
multiple scales of observation with inter-
pretation through mathematical modelling 
and computational simulation.

The vertical integration of process under-
standing, linking the aboveground vegetation 
with soil functions and deeper regolith and 
aquifer processes, is particularly powerful in 
assessing the chain of impact that results from 
environmental change. Aboveground changes 
in climate driven by global warming, or land-
use change driven by demographic develop-
ments, set off a chain of impacts that are 
transmitted in many cases through the result-
ing changes in soil functions. Defining and 
quantifying this chain of impact allows as-
sessment of the potential consequences of 
change, and the benefits of different interven-
tion options. CZOs provide the essential data 
sets and process models to enable these as-
sessments, and their link to important social 
and economic drivers of change.
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One current experimental design tackles 
the links between soil functions and soil 
threats, with a network of CZOs that is organ-
ized conceptually along gradients of parent 
material, climate and land-use intensity 
(Fig. 6.5.; Banwart et al., 2011).

A meeting of international CZO teams 
in late 2011 identified 60 sites in 25 coun-
tries worldwide with either ongoing or 
planned research that aligned with the crit-
ical zone framework and CZO research ap-
proach described here. A particular point of 
discussion was the potential to tackle envir-
onmental change research by studying soil 
and other critical zone processes along 
planetary gradients of environmental change 
(outlined by Banwart et al., 2013). In broad 
terms, international networks of CZOs offer 

the potential to achieve several key advances 
related to soil functions and soil carbon 
management:

 1. Field investigations to ground truth re-
mote sensing data and proxies.
 2. Nested measurements of soil process 
rates and their variation with environmen-
tal conditions.
 3. Data sets to develop and test modelling 
and simulation methods to forecast soil 
functions.
 4. Integrating multidisciplinary research 
efforts that link soil functions with ecosys-
tem services, their social and monetary 
valuation and assessment of adaptation 
strategies for land, water and biomass re-
sources during environmental change.
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Fig. 6.5. Conceptual framework for experimental design using networks of Critical Zone Observatories 
(CZO) to study soil functions and soil threats along environmental gradients of climate, lithology and 
intensity of land use (disturbance) (see Banwart et al., 2011). Each block represents a CZO or associated 
field site. The circled sites represent different stages in the development of soil functions; BigLink CZO is 
at the forefield of the Damma Glacier in central Switzerland and represents the initial soil formation as the 
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century. The additional sites represent a greater geographical spread of sites and environmental 
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Conclusions

Soil formation reflects the complex 
interaction of many factors, among the 
most important of which are: (i) the na-
ture of soil parent material; (ii) regional 
climate; (iii) organisms, including hu-
mans; (iv) topography; and (v) time. 
These processes take place in Earth’s 

critical zone, which is the thin veneer 
of our planet where rock meets life. 
Understanding the operation of these 
soil- forming factors requires an interdis-
ciplinary approach and is a necessary 
predicate to charactering soil processes 
and functions, mitigating soil degrad-
ation and adapting soil management to 
environmental change.
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Abstract
The quantity of organic carbon in soil and the quantity and type of organic inputs have profound impacts 
on the dynamics of nutrients. Soil organic matter itself represents a large reservoir of nutrients that are 
released gradually through the action of soil fauna and microorganisms: this is especially important for 
the supply of N, P and S to plants, whether agricultural crops or natural vegetation. Organic matter also 
modifies the behaviour and availability of nutrients through a range of mechanisms including increas-
ing the cation exchange capacity of soil, thus leading to greater retention of positively charged nutrient 
ions such as Ca, Mg, K, Fe, Zn and many micronutrients. Carboxyl groups in organic matter, and in root 
exudates or microbial metabolites, form complexes with various metal ions, usually increasing their 
availability to plants. In some cases, the formation of stable complexes has a detoxifying effect, for ex-
ample by making Al and Cu less available to plants or microorganisms. Organic matter influences soil 
physical conditions greatly, especially through the formation or stabilization of aggregates and pores; 
this indirectly influences the availability of water and dissolved nutrients to plant roots. Organic matter 
and organic inputs are the source of energy for heterotrophic soil organisms, variations in organic carbon 
content and composition, impacting biome size, diversity and activities. These complex interactions 
between organic carbon and the soil biome require additional research to be fully understood. The 
implications for nutrient dynamics differ between nutrient-rich situations such as agricultural topsoils 
and nutrient-poor environments such as subsoils or boreal forests. In agricultural soils, excessive in-
puts of organic matter in manures can lead to pollution problems associated with losses of N and P.
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Introduction

Soil carbon (C) plays a major role in regulat-
ing the cycling of plant nutrients, especially, 
but not limited to, nitrogen (N), phosphorus 
(P) and sulfur (S). This is partly because the 
organic entities in soil contain these elem-
ents combined with C, and thus act as a source 
of nutrients as organic matter undergoes 

 decomposition. But it is also because the C 
in soil organic matter is a source of energy 
for soil organisms, which are mostly hetero-
trophs, and thus acts as the driver for vari-
ous biologically mediated processes involved 
in nutrient transformations. In addition to 
being a source of nutrients, and a controlling 
factor in nutrient transformations, organic C 
in soil contributes to soil cation exchange 
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capacity due to the action of carboxyl groups. 
Thus, soils with a higher C content gener-
ally have the ability to retain cations such as 
calcium (Ca), magnesium (Mg), zinc (Zn), 
iron (Fe) and many others that are important 
for plant growth. Organic C has an indirect 
effect on nutrient availability to agricultural 
crops through its influence on soil physical 
conditions, especially structural attributes 
such as the formation and stabilization of 
aggregates. This in turn has a positive influ-
ence on the infiltration and retention of 
water and the growth of plant roots – factors 
that are of central importance for agricul-
tural productivity and food security. These 
factors, and others, are considered indi-
vidually.

Organic Matter as a Reservoir of  
Plant Nutrients

In addition to C, the organic moieties that 
constitute soil organic matter contain sub-
stantial quantities of elements that are highly 
significant as plant nutrients, especially N, 
P and S. The C:N ratio of soils is surpris-
ingly constant, with values almost always 
in the range between 10:1 and 12:1. Higher 
values in the range 15:1–20:1 occur in peat 
soils. In a global data set analysed by Kirkby 
et al. (2011), the mean C:N ratio was 11:1. 
The measured C:N ratio can vary somewhat 
according to the amount of fresh plant ma-
terial in a soil at the time of sampling; this 
may come from recently added crop res-
idues or, especially in the case of soils under 
grass, be due to dead plant residues. In one 
set of soils examined by these authors, the 
C:N ratio of the ‘light fraction’ organic matter 
(plant-like material separated by either siev-
ing or density separation) had a C:N ratio 
ranging from 13:1 to 21:1, more similar to 
values typical of plants. The C:S ratio in soil 
is somewhat more variable than the C:N 
ratio, but generally fairly constant, and aver-
aged 79:1 in a subset of soils where S had 
been analysed (Kirkby et al., 2011). P content 
is linked less strongly to C, mainly because a 
substantial fraction of soil P is present in in-
organic forms, in contrast to N or S. If only 
organic forms of P were considered, these 

authors found a general correlation between 
C and organic P, though much weaker than for 
N or S. The mean ratio C:organic P was 133:1.

The relatively constant values for the 
ratio C:N:S:organic P in the stable fraction of 
soils (i.e. excluding fresh plant material if 
this is present) across a very wide range of 
soils may be evidence that this material is 
derived largely from microbial sources, be-
cause the ratios in plant material are much 
more variable. The main input of organic 
matter to soil is plant material, but it is 
thought that it is the products of its bio-
logical transformations by soil fauna and 
microorganisms that constitute the more sta-
bilized forms of organic matter accumulating 
in soil. There is evidence from spectroscopic 
studies that about 85% of the organic N in 
soil is in the form of amide groups, consist-
ent with being in proteins. However, proteins 
are among the most labile natural macro-
molecules, and when added to soil under 
experimental conditions, normally persist for 
no more than 2 or 3 days, so it is surpris-
ing to find evidence of their dominant pos-
ition within soil organic matter (SOM). It is 
thought that this unexpected persistence is a 
result of stabilization processes that include 
chemical entrapment by association with 
humic substances and physical adsorption 
on clay surfaces.

Table 7.1 shows that even a soil with the 
relatively low organic C content of 1% (at the 
low end of the range for arable soils in tem-
perate regions) contains over 2000 kg N ha−1 
in  the cultivated layer. Even if only a few 
per cent of this stock of N becomes available 
to plants each year, it makes a significant 
contribution to plant nutrition. For example, 
crops growing in unfertilized treatments of 

Table 7.1. Quantities of nitrogen (N), sulfur (S) and 
organic phosphorus (P) contained in the organic 
matter of a typical soil in arable agriculture in the 
temperate region. Values refer to the 0–20 cm 
depth and assume a soil bulk density of 1.3 g cm–3.

Approximate elemental content in 1 ha of soil 
(0–20 cm depth) under arable cropping (kg ha–1)

C N S Organic P

26,000 2,360 330 200
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long-term experiments typically remove at 
least 20 kg N ha−1 annually (i.e. equivalent 
to about 1% of the total stock of N in soil 
organic matter), and annual plant uptake in 
semi-natural ecosystems could also be of 
this order. Although part of this N uptake 
will be derived from N deposited in rain or 
through dry deposition from the atmos-
phere, in most cases the majority is from the 
mineralization of soil organic matter. In nor-
mal agricultural situations in the temperate 
region, it is common for N derived from this 
source to account for at least 30% of total N 
uptake by crops (Macdonald et al., 1997). 
In tropical and subtropical environments, 
the contribution of soil organic matter is 
even greater, with an average of 79% of 
total N uptake by crops being derived from 
soil organic N in one coordinated set of ex-
periments with 13 sites in nine countries 
(Dourado-Neto et al., 2010).

Such data are derived from experiments 
using 15N-labelled fertilizers; uptake of un-
labelled N is taken as indicating that un-
labelled soil organic matter is the source. 
However, this can be a slight overestimate, 
due to an artefact of the methodology termed 
‘pool substitution’. Even so, the results still 
show that soil organic matter is a major source 
of N for agricultural crops. Indeed, a major 
thrust of practically oriented research in soil 

science and agronomy is to identify ways of 
predicting more accurately the quantity of N 
that will become available for crop uptake dur-
ing the growing season on a field-specific basis. 
The more N that can be derived from soil 
sources, the less is required from synthetic fer-
tilizer, which has a large greenhouse gas foot-
print from the manufacturing process. So, any 
management practices that can maintain or in-
crease the quantity of organic matter in a soil 
have multiple benefits for crop nutrition. These 
include: (i) contributing to food security; (ii) in-
creasing the economic efficiency of agriculture 
through saving on the purchase of N synthetic 
fertilizer by the farmer; and (iii) decreasing the 
greenhouse gas emissions associated with N fer-
tilizer. Although total soil organic C or N con-
tent gives some indication of potential N 
mineralization under field conditions, the 
precision or prediction is poor, and hence 
the need for  ongoing studies on this.

Figure 7.1 shows an example of agricul-
tural management influencing SOM content, 
and this in turn influencing crop yields 
through the supply of N. Two cereal crops, 
either winter wheat or spring barley, were 
grown following three previous cropping re-
gimes. These were: (i) continuous arable 
cropping such that organic inputs to soil 
were small; (ii) 3 years of a grass pasture that 
received N fertilizer – organic inputs from 
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Fig. 7.1. Yields of (a) winter wheat and (b) spring barley in the Woburn Ley-Arable Experiment on a sandy 
soil in south-east UK. Graphs show yields of arable test crops (t ha-1) following three different previous 
cropping sequences: 3 years arable followed by 2 years arable test crops, ♦; 3 years grass ley + N 
followed by 2 years arable test crops, ; 3 years grass/clover ley followed by 2 years test crops, ▲. 
(From Johnston et al., 2009.)
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grass roots would have been larger than from 
roots of the arable crops in treatment (i); or 
(iii) 3 years of a pasture comprising a mix-
ture of grass and clover – this treatment 
would lead to organic inputs at least as large 
as in treatment (ii) plus additional N from 
biological N fixation by the clover. Where no 
N fertilizer was applied to the spring barley 
crop (Fig. 7.1b), grain yield doubled from 
2  to 4 t ha−1 when comparing treatments 
(ii)  and (iii) with the lower organic matter 
treatment (i). That this was a result of add-
itional N supply in the two treatments that 
included 3 years of pasture was shown be-
cause where N fertilizer was applied to spring 
barley, yield increased substantially in treat-
ment (i), such that crop yields in all three 
treatments became approximately equal. The 
benefit to crop yield was proportionately 
greater than the increase in soil C content, 
indicating that the additional N was coming 
in large part from relatively fresh fractions of 
SOM – especially from legume residues in 
the case of the pasture that included clover. 
There were similar trends with winter wheat: 
grain yield in the absence of added N fertil-
izer increased from about 3 t ha−1 in the low 
SOM all-arable treatment to 5.5 t ha−1 where 
wheat followed the grass/clover pasture.

Role of Organic Carbon in 
 Retention of Nutrients

Plant nutrient species that occur as positively 
charged ions (cations) are retained in soil 
through the action of negatively charged sites 
on soil constituents. Many such sites occur at 
the surfaces of clay minerals and are associ-
ated with non-crystalline oxides in soil, and 
are also due to carboxyl groups in organic 
matter. On an equal mass basis, organic mat-
ter has a much greater ability to retain cations 
(termed cation exchange capacity, CEC) than 
soil inorganic constituents. For example, the 
CEC of soil organic matter is typically around 
300 cmolc g

−1 compared to values for clays 
in the range <10–100 cmolc g

−1. Even though 
the organic matter content in soil is typically 
only a few per cent by mass, because of its 
large CEC, organic matter often contributes 
50% or more of soil total CEC. Thus, changes 

in SOM content are highly significant for a 
soil’s ability to retain nutrients such as Ca, 
Mg, potassium (K), Fe and Zn, plus a range of 
micronutrients that occur in cationic forms.

An additional and related benefit of in-
creased SOM content is that it contributes 
buffering capacity to soil, such that a soil 
with higher SOM content can resist the nat-
ural tendency of soils to become more acid 
under the influence of rain which is slightly 
acidic or additions such as nitrogen fertilizer. 
This is important in soils used for arable 
crops. An extreme example was seen in a long- 
term fertilizer experiment in China (Zhao et al., 
2010). In a subtropical soil in a high rainfall 
region that started at pH 5.7, soil pH in treat-
ments receiving N fertilizer but no additional 
organic matter fell to the range 4.2–4.7 after 
12 years and led to virtual crop failures of 
wheat and maize. By contrast, where manure 
was applied in addition to N fertilizer, pH 
 increased slightly to 5.9, and where manure 
alone was applied, it rose to 6.6.

Impacts of Organic Carbon on Soil 
Physical Properties and Implications 

for Nutrient Availability to Plants

Organic matter in soil is highly influential in 
favouring the formation of aggregates at differ-
ent scales. A soil with a pronounced aggregate 
structure, with stable pore spaces between the 
aggregates, is favourable for root growth and 
the uptake of water and dissolved nutrients. 
The strong relationship between the stability 
of aggregates and organic C content has been 
demonstrated in studies covering many hun-
dreds of soils worldwide (Tisdall and Oades, 
1982). Microaggregates (regarded as those 
<250 μm in diameter) are formed through dir-
ect interactions between clay particles and or-
ganic matter through the carboxyl or phenolic 
groups in organic matter, usually via cations 
such as Ca, Fe or aluminium (Al) associated 
with clay surfaces. Organic matter in such mi-
croaggregates is either composed of relatively 
stable forms and/or is further stabilized against 
decomposition through association with the 
clay particles. Microaggregates are thought to 
be assembled into larger units (macroaggregates) 
through the action of more transient organic 
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entities, especially polysaccharides derived 
either from roots or as products of microbial 
decomposition.

It has been shown that, under appropriate 
conditions, resistance to a penetrometer being 
pushed into soil is a good predictor of resist-
ance to penetration by a growing root, and that 
this is influenced strongly by soil C content 
(Bengough and McKenzie, 1997; Whalley et al., 
2005). Organic C content also strongly influ-
ences soil bulk density and soil strength, and 
these have major impacts on root growth 
(Whalley et al., 2007). The influence of soil 
physical structure on root exploration in soil, 
and the resulting uptake of P, a relatively im-
mobile nutrient in soil, is illustrated by the re-
sults in Table 7.2. Three crops (spring barley, 
potato and sugarbeet) were grown in a range of 
treatments in a field experiment in the UK 
where organic C and crop-available P (termed 
Olsen P) differed due to manure and P add-
itions during the previous 12 years. Because a 
wide range of Olsen P levels were present, it 
was possible to determine the P level required 
to achieve maximum yield when N and other 
nutrients were not limiting growth. Table 7.2 
shows that, for the three crops, the maximum 
yield that could be reached was similar in the 
low C and the high C soil. However, in the soil 
with lower organic C content (0.87%), the re-
quired Olsen P level to achieve this yield was 
2–3 times greater than in the soil containing 

1.40% C. This was suspected to be due to the 
less extensive root growth in the low C soil be-
cause of its  visibly poorer soil structure; this 
soil was particularly difficult to plough. This 
conclusion was confirmed when samples of the 
soils were brought to the laboratory, air-dried 
and ground to pass through a 2 mm sieve, thus 
eliminating the differences in structure be-
tween the low C and the high C soils. The soils 
were then used in a pot experiment in which 
ryegrass was grown, and in this situation the 
level of Olsen P required to attain the max-
imum yield was equal in both soils – a strong 
indication that it was differences in soil struc-
ture that were influencing P uptake and crop 
growth under field conditions. Thus, main-
taining soil structure that is conducive to root 
proliferation is important for the efficient use 
of nutrients; adopting management practices 
that maintain or increase the concentration of 
soil C is generally the most effective means of 
achieving this.

Organic C and the Abundance, 
Diversity and Activity of Soil Biota

It is very well established that soils having a 
higher organic matter content, or those receiv-
ing larger inputs of organic matter, have lar-
ger microbial biomass content and exhibit 
greater activities of the different groups that 

Table 7.2. Effect of soil organic carbon (C) concentration on crop yield responses to available phosphorus 
(Olsen P) in soils having differing C and Olsen P concentrations due to past treatments. (From Johnston 
et al., 2009.)

Crop product
Soil organic  
    C (%)

Maximum  
crop yielda  
  (t ha–1)

 Olsen P associated  
with maximum yield  
        (mg kg–1)

   Variance  
accounted  
   for (%)

Field experiments
 Spring barley grain 1.40 5.00 16 83

0.87 4.45 45 46
 Potato tubers 1.40 44.7 17 89

0.87 44.1 61 72
 Sugarbeet sugar 1.40 6.58 18 87

0.87 6.56 32 61
Pot experiment
 Ryegrass dry matter 1.40 6.46 23 96

0.87 6.52 25 82

aYield shown is slightly less than the absolute maximum. It is yield at 95% of the maximum assessed from curves of 
yields plotted against Olsen P concentration.
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can be measured. It is also well established 
that soils are extremely heterogeneous and 
show very great spatial variation in their 
properties. One example of this is the exist-
ence of hotspots of SOM where biotic growth 
and activity are far greater than in the sur-
rounding soil. Such sites include the rhizo-
sphere, where a significant fraction of the 
photosynthates are released as rhizodeposits 
(Nguyen, 2003), and the so-called detritus-
phere, corresponding to the dead plant 
 materials ( Gaillard et al., 1999). Recently, 
Clemmensen et al. (2013) have showed that in 
boreal forest, a major part (50–70%) of the 
carbon stored by the forest derives from roots 
and root-associated microorganisms.

A significant pool of organic C, resulting 
from the humification process, is stabilized 
in soil into forms with turnover times meas-
ured in decades to centuries. In fact, there is 
strong evidence from research using a com-
bination of physical fractionation and spec-
troscopic methods that the largest and most 
stable pool of organic C in soil is derived 
from microbial constituents and metabolites 
and is intimately associated with clay min-
erals (Courtier-Murias et al., 2013). Despite 
the great stability of this pool, it still con-
tributes to plant nutrient supply because of 
its large size: modelling of soil N turnover 
indicates that slow turnover of a large pool 
probably contributes a similar amount of plant- 
available N as the fast turnover of smaller 
pools (Smith et al., 1996).

The stabilization of some fractions of 
organic matter in soil has been ascribed by 
some authors to the lack of energy required 
for microbial activity. Clearly, other mechan-
isms are involved, and will often be of much 
greater significance, as discussed by Courtier- 
Murias et al. (2013). However, the idea is 
supported by the observation that, in some 
circumstances, the addition of fresh plant 
material causes increased decomposition of 
existing SOM – a mechanism termed a prim-
ing effect. It has particularly been noted in 
subsoils where there is only a small quan-
tity of fresh material (Fontaine et al., 2007). 
Evidence for plant regulation of this process 
has recently been provided by Fontaine 
et al. (2011). These authors have shown that 
plants may regulate the mineralization of 

recalcitrant fractions of SOM through their 
requirement for nutrients, especially nitro-
gen, by tuning activities of microorganisms 
and, more specifically, fungal communities.

The idea that microbial diversity im-
pacts C mineralization has been supported 
by recent reports (Baumann et al., 2012; 
Pascault et al., 2013). By coupling molecu-
lar and isotopic tools (454 pyrosequencing 
in conjunction with stable isotope analyses), 
Pascault et al. (2013) showed that the inten-
sity of the priming effect in soil might  depend 
on the stimulation of particular functional 
groups of microorganisms. Combining these 
tools, Clemmensen et al. (2013) showed that 
root-associated fungi played a major role in 
carbon cycling in boreal forest. Baumann 
et al. (2012) evidenced that  redundant func-
tions such as sugar mineralization, but also 
specialized C transformations such as lignin 
decomposition, were affected by a decrease 
of soil microbial diversity. The role of the 
diversity of invertebrates in carbon cycling 
was also underlined in the meta-analysis 
made by Nielsen et al. (2011). This report 
stresses a positive relation between species 
richness and C cycling, especially in low- 
diversity conditions. Altogether, these data 
highlight the contribution of community di-
versity at each level of the food web chain, 
starting with fauna known to contribute to 
the fragmentation of organic matter and then 
followed by microorganisms involved in the 
degradation and mineralization processes.

However, there is also counterintuitive 
evidence that microbial biodiversity in soil 
is not necessarily associated with increased 
SOM content or plant inputs. Hirsch et al. 
(2009) reported results from a field experiment 
in the UK where adjacent plots had been 
under three managements for over 50 years: 
grass, arable crops or kept bare by frequent 
ploughing. Not surprisingly, the organic C 
concentration in the bare soil was much lower 
than in the others, and total microbial biomass 
C was only 7% of that in the soil under grass 
and 33% of that in the arable treatment. Fresh 
organic matter (as indicated by material of low 
density, termed light fraction) was also very 
low in the bare soil; as a consequence, both the 
abundance and diversity of mesofauna (mites 
and collembola), which survived mainly on 
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fresh plant inputs, were much lower in the 
bare fallow than in either of the others. In the 
case of the bacterial communities, their abun-
dance, as assessed by culturing on a low- nutrient 
agar, was much lower in the bare fallow soil 
than in soil with fresh plant inputs – consist-
ent with the greatly decreased microbial bio-
mass C content. By contrast, bacterial diversity 
was similar in the bare fallow soil to that in the 
soils receiving fresh plant inputs from grass or 
arable crops, whether assessed by phospho-
lipid fatty acid (PLFA) analysis, Biolog or ex-
tracted DNA. Because DNA examined in this 
way is considered to represent the species pre-
sent, though the definition of species in bac-
teria is a matter of debate (Prosser et al., 2007), 
the distinct 16S rRNA gene PCR products re-
vealed by denaturing gradient gel electrophor-
esis (DGGE) were referred to as operational 
taxonomic units (OTUs). Hence, the finding of 
a high bacterial diversity in the 50-year, bare- 
fallowed soil is a discovery that favours evidence 
for the stability of the soil bacterial commu-
nity. The possible implications of these find-
ings for the organisms involved in nutrient 
transformations are not known.

Besides their implication in the food 
web chain, Six et al. (2006) stressed the con-
tribution of soil microbial communities to the 
development of well-structured soils through 
the production of a range of metabolites. Of 
particular importance is the role of fungal ex-
ocellular polysaccharides and fungal hyphae 
in the formation of macroaggregates. Soil mi-
crobial communities can derive energy and C 
substrate for growth from both native SOM 
and added organic materials such as plants 
and manures, but community sizes are invari-
ably larger where there are added inputs. The 
improved structural attributes arising from a 
large and active microbial community is of 
great significance for the growth of plant 
roots and the effectiveness with which crop 
plants can access water and nutrients.

Modification of Availability of Plant 
Nutrients through Complexation

Soil organic matter carries carboxyl and 
phenolic groups that are able to compete 

strongly with inorganic ligands in complex-
ing metal cations. Generally, metal–organic 
complexes have less positive charge than 
the original metal ion, so complexation en-
hances desorption from soil minerals. Thus, 
the process is highly significant in altering 
the solubility, mobilization and availability 
of metal cations: the overall result is de-
pendent on the properties of the cation– 
organic complex, the type and quantities of 
organic matter and cations and the influ-
ence of plants (Ondrasek and Rengel, 2012). 
In the case of organic acids, the greater the 
number of carboxylic groups present, the 
stronger their metal-complexing ability: or-
ganic acids with only one carboxyl group 
(lactate, formate and acetate) have very little 
influence. For metals, there is generally a 
decline in their propensity to form metal–
organic complexes in the order: trivalent  
> bivalent > monovalent (Jones, 1998).

In addition to the role of organic matter 
present in soil, organic acids released from 
plant roots are also able to form complexes 
with metal cations. Forming organic com-
plexes is an important mechanism by which 
plants respond to nutrient deficiencies in 
soils (Jones, 1998). It has been well known 
that roots of graminaceous plants secrete 
 so-called phytosiderophores consisting of 
organic acids such as citric acids to form Fe3+–
citrate complexes in soil solution, which can 
be taken up readily by plants (Von Wirén 
et al., 2000). Microbial siderophores may 
also contribute to iron nutrition in both di-
cotyledonous plants (Vansuyt et  al., 2007) 
and monocotyledonous graminaceous spe-
cies (Shirley et al., 2011). Organic complexes 
may also be an uptake mechanism for plants 
responding to manganese (Mn), and is also 
observed in Mn-deficient soils. Soil organic 
matter components do not directly form 
complexes with anionic nutrients, such as P, 
but their availability can also be enhanced by 
forming Fe3+– and Al3+– organic complexes, 
which release phosphorus from Fe–P and 
Al–P minerals.

For some metals, forming organic com-
plexes is a process of detoxification to plants. 
Typically, toxicity of Al can be eliminated 
substantially by forming Al–organic acid 
complexes in apoplast and soil solution. 
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Copper (Cu) also readily forms complexes with 
soil organic matter and becomes unavailable 
(Inaba and Takenaka, 2005). Amendment with 
organic manure is considered an effective 
countermeasure for detoxification of Cu in 
Cu-contaminated soils (Paradelo et al., 2011). 
The molecular weight of organic matter plays 
a role in the toxicity and bioavailability of 
heavy metals to plants: organic moieties with 
larger molecular weight form more stable 
complexes, and have greater detoxification 
ability, than those with smaller molecular 
weight.

On the other hand, since the mobility of 
cationic nutrients is enhanced by the forma-
tion of metal–organic complexes, the com-
plexed metals may be lost through leaching, 
leading to plant deficiency. For instance, 
peatland soils are usually deficient in Cu 
and cobalt (Co). Cu deficiency can also occur 
in soils with a high content of total Cu and 
organic matter, because of the low bioavail-
ability of Cu–organic complexes (Edwards 
et al., 2012).

Problems from Excess  
Organic Inputs

Although increased content of C is generally 
beneficial for the functioning of agricultural 
soils, an excess can be deleterious. The main 
example is the situation where large amounts 
of animal manure, often from intensive live-
stock enterprises, are applied to a limited area 
of land. If much of the organic matter in the 
manure is in readily mineralizable forms, the 
released N can become a pollution hazard to 
water (as nitrate or dissolved organic N) and 
air as ammonia or nitrous oxide. For example, 
surface-applied manures, especially those 
with a high concentration of readily decom-
posable N compounds, leads to large losses 
of N to the atmosphere as ammonia. This can 
be reduced by either rapid incorporation or 
injection, in the case of liquid slurries, but 
this can lead to increased production of ni-
trate in soil and a greater risk of nitrate leach-
ing (Sagoo et al., 2007). All N loss processes 
from manure, whether ammonia volatiliza-
tion, nitrous oxide emission or nitrate leach-
ing, are influenced greatly by the  management 

practices used as well as by the type of  manure. 
Key management factors are timing of appli-
cation, the quantity applied (ensuring it is in 
line with crop requirements) and attempting 
to predict the supply of crop-available N from 
manures so that fertilizer applications are 
 reduced accordingly (Salazar et al., 2005). 
Zhou et al. (2010) gives examples of very 
large accumulations of nitrate in the soil pro-
file, leading to a high risk of nitrate leaching 
to water, when this was not done in the case 
of vegetable crops grown under plastic in 
north-west China. Nitrate accumulations to a 
depth of 1 m were frequently in the range 
100–500 kg nitrate-N ha−1. Similarly, P re-
leased from manures can also accumulate in 
soil and become a water pollutant. The rap-
idly increasing number of ‘confined animal 
feeding operations’ (CAFOs) around the world 
means that there is a trend towards large 
quantities of manure to be concentrated at a 
limited number of locations. This manure is 
a resource for increasing soil organic C con-
tent and as a source of nutrients for crops, 
but its management presents a major chal-
lenge if pollution from the sites of applica-
tion is to be avoided.

Under flooded conditions, such as low-
land rice cultivation, excess labile organic C 
input leads to extreme anaerobic condi-
tions, which stress the growth of rice plants 
and soil microbial diversity and activities. 
It  also leads to increased emissions of me-
thane, a greenhouse gas about 25 times more 
powerful than CO2.

Interactions between N and C in 
Natural Ecosystems

In addition to the importance of C for nutri-
ent cycling in agricultural soils, and hence 
for food security (one of the provisioning 
roles of ecosystems), soil C and nutrients 
interact within natural and semi-natural 
ecosystems. Excess N is released from agri-
cultural systems as various gases (oxidized 
and reduced forms of N) and transferred 
elsewhere. One negative impact of this is 
soil acidification, as demonstrated in China 
(Guo et al., 2010). This can affect both agri-
cultural and non-agricultural soils. N deposited 
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on semi-natural ecosystems can have nega-
tive impacts through alterations to the di-
versity of vegetation, but can also have 
impacts that have a beneficial global influ-
ence. Tree growth in northern boreal for-
ests is generally limited by shortage of N. 
Even small quantities of N deposited in 
these regions stimulates the growth of vege-
tation and can lead to increased accumula-
tion of C –  initially in vegetation but then 
in soil. This process may well be quantita-
tively significant within the global C cycle, 
with implications for climate change miti-
gation, though at the expense of alterations 

to  ecosystem structure and biodiversity 
( Magnani et al., 2007).
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Abstract
This chapter examines the role of soil in water filtration, its impact on carbon and nitrogen in 
 biogeochemical transformations and its relation to the larger landscape, where soil functions are key 
to clean water, essential to human sustenance. Soil composition and chemical weathering are essential 
factors in soil structure and formation, which affect the hydrologic properties of soil and chemical 
transport significantly. The role of clays on aggregation, carbon (C) sequestration, pH, etc., carbon/ 
nitrogen/phosphorus (C/N/P) cycles and plant growth (plant exudates) on reactive transport are exam-
ined. Examples of water filtration and solute transformation of a functioning soil (producing clean 
water) and of failure to transform (producing toxicity and contamination) are presented. Special focus 
is given on the parameterization of hydrologic and reactive transport models that cover a range of 
scales from soil profile, to hill slopes and the catchment. A variety of modelling strategies presently 
exist for biogeochemical modelling, and typically each focuses on a particular scale, with scale- 
appropriate processes, mechanisms and states. They range from bottom-up approaches, where plot-
scale studies use intensive monitoring and detailed local modelling of process-level biogeochemical 
cycles for C and N, to regional- and continental-scale approaches to simulating the C–N dynamics in 
atmospheric models that, by necessity, may neglect the details of the processes understanding obtained 
in the plot-scale research. Ecosystem approaches extend the plot-scale models for C–N and water to 
landscape scales maintaining systematic processes, but may not include detailed geospatial struc-
ture and coupled hydrodynamic processes of the larger catchment and river basin. A strategy for 
merging scales and concepts intrinsic to plot-, landscape- and catchment-scale carbon-based biogeo-
chemical research is proposed. The approach will describe existing process models for each scale of 
research, including hydrologic impacts. We propose a strategy for an integrated hydrodynamic ap-
proach to numerical modelling that can resolve the geospatial characteristics of water, carbon and 
nitrogen cycles over entire catchments, including first- and second-order streams, which link plot 
and hill-slope studies within this framework. The approach integrates plot-to-catchment scales for 
mesoscale model application for scales that range from 100 m to 105 km2. The approach has important 
implications for ongoing soils research at Critical Zone Observatories, which are advanced field re-
search facilities, to scale up their science understanding to larger domains and will improve the pro-
spect of carbon–nitrogen management greatly.
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Chemical Weathering, Reactive 
Transport and C–N Dynamics

The Thematic Strategy for Soil Protection 
prepared for the European Union (EU) has 
identified soil ecosystem functions and ser-
vices as important to the global economy and 
human sustenance (European Commission, 
2006). These services go beyond the most 
easily identified service of biomass (food and 
fibre) production, and includes carbon and 
nitrogen sequestration, preservation of ter-
restrial biodiversity and the gene pool, water 
filtration–transformation, provision of raw 
materials, landscape and heritage (Banwart 
and SoilTrEC Partners, 2011; Banwart et al., 
2011). Water filtration and mass transform-
ation of transported substances (collectively 
termed below as water filtration and trans-
formation) such as nutrient ions or dissolved 
pollutants are an important soil service for 
the regulation and provision of clean water, 
essential to human sustenance.

Organic carbon addition to the soil, 
 either through natural (above- and below-
ground vegetation inputs), allochtonous in-
puts (i.e. compost, green manure, manure) or 

manipulation of vegetation/crop (e.g. crop 
rotation, nitrogen-fixing plants, intercrop-
ping), is the starting point of a series of bio-
geochemical mechanisms and processes that 
all together comprise the abovementioned 
soil functions and soil services including 
water filtration and transformation. Soil car-
bon is the key driver of soil structure that 
provides water regulation and drainage, and 
is the main substance controlling soil bio-
geochemistry and thus affecting water trans-
formation reactions. The physical role of 
organic carbon on soil hydraulic properties 
including macropore development and water- 
holding capacity is also a factor.

Water, as it moves along a hydrologic 
pathway, alters the chemical composition of 
not only the soil and rock that come in con-
tact but also its own composition. A concep-
tual schematic of the predominant hydrologic 
transport processes and soil characteristics 
affecting solute transport is presented in 
Fig. 8.1 (adapted from Kohne et al., 2009a,b). 
The figure illustrates a vertical cut of the un-
saturated soil along a hill slope. Hydrologic 
processes that control the drainage charac-
teristics of soil, and in turn its soil moisture, 

Evapotranspiration

Surface runoff

Infiltration

Root uptake
Root holes
Fractures
Earthworm burrows

Soil matrix:
Homogeneous
Heterogeneous–mixed
permeability

Macropores:

Groundwater recharge

Fig. 8.1. Hydrologic transport processes and soil characteristics affecting solute transport. (From Kohne 
et al., 2009a,b.)
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depend on the structure of the soil matrix as 
well as the development of preferential flow 
macropore structures such as root holes, 
fractures and earthworm burrows. The com-
bination of the inherent characteristics of 
soil matrix (homogeneous versus mixed 
permeability) and the macropore structure 
are primary factors affecting the hydraulic 
retention of water in the soil (Gerke and van 
Genuchten, 1993a,b; Kohne et al., 2009a,b).

A critical element for the conceptual 
model is the role of soil in water filtration 
and transformation. The foundations of this 
are the soil-forming processes (Jenny, 1941, 
1994; Drever, 1997; Langmuir, 1997). Soils 
are formed from parent rock as a function of 
climate conditions, chemical and physical 
weathering processes and microbial and 
plant action, leading to minerals with spe-
cific chemical composition and physical 
properties. The parent material can be classi-
fied broadly into igneous, metamorphic and 
sedimentary rock types containing  primary 
minerals that determine the rate and chem-
ical composition of soils. Climate conditions 
modulate physical erosion and chemical 
weathering that through time reduces particle 
sizes, leading to increased mineral reactive 

surface area. The most important minerals 
are feldspars, quartz, olivine, pyroxenes, 
amphibole (hornblend), micas (biotite and 
moskovite) and clays (montmorillonite, 
kaolinite, etc.). Other minerals found in na-
ture are those composed of soluble salts 
(halite, gypsum, pyrite), carbonates (calcite 
and dolomite), phosphate rocks (apatite), 
aluminium (Al) oxides (gibbsite and dia-
spore) and iron (Fe) oxides (goethite and 
hematite). Understanding the soil-forming 
processes lays the foundation for soil char-
acterization and model development.

Figure 8.2 presents a schematic of the 
biogeochemical reactions affecting solute 
transport in the soil. Soil and sediments have 
the capability to remove ions from water 
(adapted from Kohne et al., 2009a,b). The 
water–soil interface plays a significant role 
in water filtration and transformation. Clays 
due to the isomorphic substitution of their 
central metal ion have a permanent negative 
charge. In aquatic environments, the nega-
tive surface charge is balanced with cations, 
which are exchanged by other cations of higher 
charge. Ion exchange is a reversible reaction 
that can affect clay and non-clay minerals, 
as well as organic and oxide  coatings. 

Photosynthesis

Erosion and nutrient leaching
Volatilization

Soil aggregate formation and
C/N/P/K sequestration

Solute leaching

Groundwater
recharge

Ion exchange

Chemical weathering

Oxide adsorption

SOM adsorption
Complexation

Precipitation-dissolution

Redox reactions

Biodegradation

C/N/P/K cycling

Fig. 8.2. Biogeochemical reactions affecting solute transport. (From Kohne et al., 2009a,b.)
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Where the mineral surface charge is a func-
tion of soil pH, soils have the ability to ad-
sorb/desorb anions and cations. These two 
reactions are occurring simultaneously in 
the soil, and these processes are hard to sep-
arate. Ion exchange reduces the leaching of 
calcium (Ca2+), magnesium (Mg2+), potas-
sium (K+) and sodium (Na+) from the soil, 
making them bioavailable to the plants, serv-
ing as macronutrients necessary for plant 
growth. On the other hand, adsorption con-
trols the mobility of anions, cations and heavy 
metals in the subsurface. Chemical weather-
ing dissolves the minerals and transforms 
their chemical composition into new, sec-
ondary minerals (Drever, 1997; Langmuir, 
1997). Chemical weathering is a kinetic phe-
nomenon. There are two types of chemical 
weathering: one that results in complete dis-
solution without further precipitation (con-
gruent dissolution), and the weathering that 
results in dissolution, where new products are 
formed and dissolved ions partially precipi-
tate out of solution (incongruent dissolution); 
for instance, the chemical weathering of kao-
linite results in the production of gibbsite.

Surface soil structure also develops 
through aggregate formation (Banwart et al., 
2012; Nikolaidis and Bidoglio, 2013). Clay 
minerals and oxide coatings bind with soil 
organic matter and microbial biomass, creat-
ing aggregate particles that are larger than 
the original components. Humic and fulvic 
substances bind strongly to clay minerals 
and oxide coatings, forming organic–metal 
surface complexes. Negatively charged clay 
surfaces of minerals bind organic compounds 
through cation bridges, and iron and alumi-
num oxide surfaces bind organic compounds 
by electrostatic forces (Nikolaidis and Bidoglio, 
2013). pH, redox status, clay content and oxide 
coating content affect organic sorption and 
surface complexation to surfaces. Silt-clay 
size particles (<53 μm) form microaggregate 
size particles (53–250 μm), while the com-
bination of the two fractions form macroag-
gregate size particles and a well-graded soil. 
The organic matter sequestered within the 
macroaggregates is less susceptible to deg-
radation. Stamati et al. (2012b) have shown 
that the mean particle diameter of the soil 
can increase significantly in a set-aside 

( uncultivated) soil where there is active car-
bon addition compared to a cultivated soil, 
and it can be an order of magnitude higher 
than the mean particle diameter of the ac-
tual minerals within the soil. Soil aggregates 
sequester carbon and nutrients for plant 
growth and increase soil moisture within 
the aggregate micropores for plant and mi-
crobial growth (Stamati et al., 2012a). The 
developed soil structure allows oxygen dif-
fusion from the atmosphere and water 
drainage necessary to prevent waterlogging. 
Microbial action degrades the sequestered 
organic material, decreasing the cohesion of 
the aggregate, which eventually breaks up, 
allowing for faster organic matter decom-
position and associated depletion of nutri-
ents and the release of CO

2 to the atmosphere. 
In addition to soil biota, aboveground plant 
communities drive carbon sequestration and 
nutrient turnover through organic matter in-
put to the soil. How much carbon and nutri-
ents are stored in the soil depends on the 
balance between microbial decomposition 
and plant fixation rates.

Plant roots play a significant role in the 
soil aggregation process by entangling soil 
particles with the mycorrhizal system and 
through root exudates that can prime micro-
bial activity, change soil pH and impact 
local mineral weathering activity. Other soil 
terrestrial fauna, and especially earthworms, 
play a significant role in soil aggregation, 
due to bioturbation, excretion of casts and 
deposition of mucus on the walls of the bur-
row (Nikolaidis and Bidoglio, 2013).

Human activities have impacted soil 
 ecosystem services significantly (Nikolaidis, 
2011), and in particular the soil function to 
filter and transform water. The main ecosys-
tem drivers that affect soil functions and ser-
vices are climate change, land-use change and 
aboveground biodiversity change (Nikolaidis, 
2011). In relatively undisturbed forest and 
grassland soil ecosystems, nutrient cycling 
(C, N, P, K) is regulated by the plant–soil–
microorganism system, and nutrient leach-
ing is controlled tightly by the hydrologic 
pathway and the reactivity of the host min-
erals (Stamati et al., 2011). Riparian forests 
have been used as natural and engineered 
systems to improve the water quality of 
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drainage water in agricultural areas (Broad-
meadow and Nisbet, 2004). Once the soil 
system is disturbed by converting forest or 
grassland to cultivated and managed soils, 
soil structure is lost and macroaggregates 
are mechanically broken down, exposing 
protected organic matter to microbial deg-
radation and nutrient leaching. Within 5–10 
years after the land-use conversion, signifi-
cant quantities of organic carbon and nitro-
gen of the soil are depleted (Mann, 1986; 
Lal, 2004), decreasing the soil fertility and 
decreasing the ability for water filtration 
and transformation. Livestock grazing of 
pastures exerts significant impact on soils 
due to the decrease of aboveground bio-
diversity, soil compaction, increase in ero-
sion and soil loss, as well as increase in the 
inputs of manure. Stamati et al. (2011) have 
shown that a nearly linear relationship ex-
ists between dissolved organic nitrogen 
(DON) export and livestock N load that op-
erates at regional scales. De-vegetation of 
grazing lands coupled with increased car-
bon inputs in the form of manure caused de-
cline in the biochemical quality of soil and 
leaching of soluble organic matter.

Modelling of Soil Hydrology and 
Coupled C–N Biogeochemical 

 Transport Across Scales

Reactive transport modelling has been used 
as a way to gain better understanding of the 
coupled biogeochemical process in soils 
and groundwaters (Regnier et al., 2003) for 
the past two decades. Several recent articles 
are available that review the current state of 
the art of reactive transport modelling in 
fractured rock, investigating the design of 
nuclear depository facility (MacQuarrie and 
Mayer, 2005), contaminant transport in ground-
waters (Steefel et al., 2005), tracer and pesti-
cide transport in structure soils (Kohne et al., 
2009a,b) and organic matter and soil struc-
ture dynamics (Nikolaidis and Bidoglio, 2013).

Even though significant advancement 
has been made, further improvement in our 
understanding of reactive transport model-
ling will require addressing the following 

issues: treatment of preferential flow and 
non-equilibrium (Kohne et al., 2009a,b), 
pore-scale structures and pore heterogen-
eity (Gharasoo et al., 2012), as well as two 
flow domain issues and microenvironments 
(Steefel et al., 2005). Upscaling of processes 
from the laboratory to the field has always 
been an obstacle to model parameter estima-
tion. A critical review on upscaling sorption/
desorption processes in reactive transport 
models concluded that inclusion of small-
scale processes might not always lead to 
better prediction of the larger-scale behav-
iour of metal/radionuclide transport due to 
conceptual model errors, geochemical heter-
ogeneities and incorrect model discretization 
compared to the scale of the processes (Miller 
et al., 2010). Steefel and co-workers (2005) 
have summarized the main challenges in 
 reactive transport as follows:

 • treatment of chemical microenviron-
ments and assessment of how they af-
fect the bulk geochemistry, including 
C–N dynamics;

 • treatment of flow, chemistry and mech-
anical deformation of the matrix in a 
unified way;

 • resolving the discrepancies between la-
boratory and field reaction rates; and

 • upscaling reactive transport  processes.

Strategies for Merging Scales and 
Concepts to Advance Hydrologic and 

C–N Reactive Transport

A wide range of modelling strategies exists 
for biogeochemical modelling with a range 
of scales, processes, mechanisms and states. 
These approaches range from bottom-up 
 approaches, where plot-scale studies use 
 intensive monitoring and detailed local 
modelling to improve our understanding of 
process-level biogeochemical cycles for C 
and N, to regional- and continental-scale 
 approaches to simulating the C–N dynamics 
in atmospheric models that by necessity 
may neglect the details of processes under-
standing obtained in the plot-scale research. 
Ecosystem approaches extend the plot-scale 
models for C–N and water to landscape 
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scales maintaining systematic processes, 
but may not include detailed geospatial 
structure and coupled hydrodynamic pro-
cesses of the larger catchment and river 
basin. Other models are available that repre-
sent some variables of interest based on stat-
istical inference, plot or hybrid approaches 
(Arnold et al., 1998, SWAT model; Stöckle 
et al., 2003, CropSyst model; Schwarz et al., 
2011, Sparrow model). The intention is not 
to propose a new model, but rather to inte-
grate process-based plot-scale models with 
a catchment-scale model that fills a gap for 
efficient modelling of lateral transport to 
first- and second-order streams while also 
allowing simulation scales of mesoscale 
catchments.

A strategy for merging scales and con-
cepts intrinsic to plot-, landscape- and 
catchment-scale biogeochemical research is 
proposed. An integrated hydrodynamic ap-
proach to numerical modelling can resolve 
the geospatial characteristics of water and 
carbon and nitrogen cycles over entire 
catchments. The intention is that the meso-
scale model will have application for scales 
that range from 10-2 to 105 km2. The current 
status of modelling N and C dynamics can 
be described in terms of two types:

 1. The soil profile model approach where 
detailed vertical distributions of water, en-
ergy and solutes are explicitly modelled 
(1-D continuum) while plant growth/decay, 
landscape features, soil are represented as a 
discrete domain defined for some character-
istic of the landscape or an average over some 
area. At this scale, lateral spatial gradients are 
not explicitly resolved. A primitive version 
of this type uses vertical averaging to repre-
sent the soil in terms of the bulk water, en-
ergy and solute dynamics. The soil profile 
can include vertical macropore-matrix ef-
fects (Gerke and van Genuchten, 1993b) and 
complete kinetic descriptions of the coupled 
water and biogeochemical reactions.
 2. A semi-distributed model approach com-
bines the concept of hydrologic response 
units (HRUs) and the 1-D continuum ap-
proach from (1) to divide the catchment into 
characteristic landscape units that allow 
mass transfer to adjacent sub-areas based on 

the average response in the HRU. In this 
 approach, the lateral mass transfer uses a 
one-way coupling strategy to fluid flow. 
This approach preserves the 1-D continuum 
characteristics including vertical macropo-
re effects, but is limited to empirical lateral 
mass transport, which limits the use of dis-
tributed validation data sets (e.g. ground-
water and baseflow data).

Ideally, the next generation of simulation 
models should expand on the experience 
gained in the development of these models 
and incorporate a modern scientific and soft-
ware infrastructure. It should be biophysical-
ly based, with fully distributed hydrology, 
have a common object-oriented structure to 
simulate nutrient flow and vegetation pro-
cesses, and transport across land units, and 
the ability to simulate the variations in 
flows generated by management. The mod-
elling infrastructure outlined above follows 
a ‘bottom-up’, process-based approach to 
simulating landscape-level effects. Processes 
occurring in land segments, and landscape- 
level processes governed by the movement 
of water in watersheds, need to be repre-
sented to simulate water quality at any point 
in the landscape.

Technically, it is progress in this direc-
tion that will allow a seamless integration 
between stakeholder demands and science 
delivery in the form of model outputs. In 
this context, a new 2-D continuum approach 
for lateral surface runoff and groundwater 
flow with embedded and fully coupled 1-D 
soil profile processes is proposed. This ap-
proach is still not a fully 3-D continuum 
strategy, since these are limited to relatively 
small-scale computational domains and our 
practical goal here is a catchment-scale model. 
It recognizes the extreme computational re-
quirements of the 3-D hydrobiogeochemical 
continuum by a suitable dimension reduc-
tion, but still makes progress at the catchment 
scale (10-2 to 105 km2).

As an example of this strategy, one 
could use a catchment hydrodynamic model, 
the Penn State Integrated Hydrologic Model 
(PIHM; http://www.pihm.psu.edu) that is 
currently being implemented at Critical 
Zone Observatory (CZO) sites in the USA 

http://www.pihm.psu.edu
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and Europe, with the 1-D Integrated Crit-
ical Zone (ICZ) model. The PIHM code is a 
multi-process hydrologic model and geo-
graphic information system (GIS) toolkit 
for building unstructured numerical mesh 
with initial estimates of parameters over 
the catchment domain. Major hydro-
logical processes are fully coupled by the 
semi-discrete finite volume approach, 
simulating water, energy and solute trans-
port at the catchment scale (Qu and Duffy, 
2007;  Kumar et al., 2009, 2010). PIHM can 
also solve for plant water uptake compo-
nents, groundwater-stream exchange and 
recharge over the catchment stream  network 

(Fig. 8.3). The transport equations in PIHM 
allow the simulation of residence time and 
age of water in soils, groundwater and 
streams.

The 1D-ICZ model simulates key soil 
ecosystem functions such as biomass pro-
duction, carbon and nutrient sequestra-
tion, water transformation and filtration 
and belowground biomass production. The 
1D-ICZ is a combination of four submod-
els: (i) a flow, transport and bioturbation 
model, HYDRUS 1D, which simulates flow, 
heat and solute transport in the unsatur-
ated zone; (ii)  a chemical equilibrium 
model and weathering to account for the 

Recharge

Groundwater flow
Bedrock

Precipitation

Solar radiation

Evaporation

Infiltration

Overland flow
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Fig. 8.3. Spatial discretization used for the numerical representation of the watershed in PIHM. Interact-
ing hydrologic processes are assigned to each prismatic element (top left) and on each linear river 
element (top right). The local system of ordinary differential equations (ODEs) corresponding to the 
processes acting on a unit prismatic element is termed as ‘model kernel’. (From Qu and Duffy, 2007.)
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effect of water transformation; (iii) a C/N/P 
dynamics and structure model, CAST, that 
links the transformations of organic matter 
with a dynamic model of soil aggregation/
disaggregation, a simplified terrestrial ecol-
ogy model that is comprised of mycorrhizal 
fungi, microorganisms (BIO pool), consumers 
and predators (FAUNA pool) and a plant/
root dynamics model; (iv) a plant dynam-
ics model, PROSUM, that is based on bio-
mass production ecological principles 
and predicts the  dynamics of key variables 
(e.g. above- and  belowground production 
of litter C and N; nutrient and water up-
take) in response to key drivers (tempera-
ture; availability of light, water, CO2 and the 
nutrient elements N, P, Ca, Mg and K; grazing 
and management events) for the wide range 
of vegetation types (outlined in Banwart 
et al., 2012).

Integrating a 1-D ecosystem function 
model into a fully distributed catchment 
model would provide a rigorous biophysi-
cally based model that computes rates of 
change and updates numerous state vari-
ables based on biophysical principles 
within the soil profile, while transporting 
the water and solutes to streams draining 
the catchment.

The conceptual strategy goes beyond a 
distributed C–N–biogeochemical model 
that integrates multiple data sources to 
 include a database that links the model 
to  the ‘essential terrestrial variables’, or 
ETVs, that allow dynamic simulation across 
spatial and temporal scales relevant to 
 decision making for soil management and 
land use. As part of this model synthesis 
is  the question of data and data support. 
A  multi-scale model as proposed here 
must also have efficient access to data for 
topography, soils, geology and climate, 
land cover/land use, as well as reactive 
transport properties and parameters and 
open-source GIS tools to set up the model 
domain and parameters. Dynamic model-
ling of geospatial landscape processes re-
quires a comprehensive database that can 
be linked to each land use, soil, geology 
and climate. This model–data architecture 
is a major challenge and, to our knowledge, 

existing databases lack the harmonized data 
products necessary for modelling that 
 reflect current and past land-use and 
 management  practices, are geospatially and 
geotemporally consistent and are fully 
coupled to the model within an efficient 
cyberinfrastructure. Such a prototype is 
being developed at PennState (see http://
www.hydroterre.psu.edu) and at the EC 
Joint Research Centre (see http://fate.jrc.
ec.europa.eu/interactive- maps-and-data). 
Figure 8.4 presents a prototype service 
showing the soils, land parcel and wetland 
inventory in a central database used to 
automate the development of the PIHM 
model for a site in Pennsylvania, USA. 
Ideally, this prototype cyberinfrastructure 
would enable users to have efficient access 
to all necessary data products and to be 
able to carry out simulations for any catch-
ment in a region from a consistent data 
source.

Clearly, coupling a catchment hydro-
dynamic model with an integrated carbon 
and nitrogen and reactive transport code 
that resolves processes at spatial scales from 
plot to catchments must overcome several 
obstacles:

 • Data support across scales: the process 
of connecting an independent C–N re-
active transport model with a spatially 
distributed hydrodynamic model will 
require a new approach to model data 
and parameterization. We propose a 
new strategy that integrates geospatial/
temporal data, political or property 
boundaries, hydrographic, hydrologic, 
soil, climate, reactive transport proper-
ties and topographical and other com-
munity-derived geospatial data (http://
www.hydroterre.psu.edu).

 • Multi-state parameter estimation: a wide 
range of parameter estimation tools are 
presently available that can be adopted 
for automated parameter estimation.

 • Interoperability: the lack of interoper-
ability between water data, models 
and model simulations, and the lack of 
fast access between essential water-
shed data and computing resources, 

http://www.hydroterre.psu.edu
http://www.hydroterre.psu.edu
http://fate.jrc
http://www.hydroterre.psu.edu
http://www.hydroterre.psu.edu
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impedes current efforts to predict and 
manage Earth’s water and ecological 
 resources. To date, databases for large- 
scale applications have been  created 
and applied ad hoc to attend to a spe-
cific demand, rather than a growing set 
of new and future demands, with 
limited reuse of information due to 
lack of compatibility among seemingly 
similar efforts.

 • Scaleability of model data for decision 
making: it is critical that the next- 
generation algorithms and technologies 
for data access, simulation and delivery 
should apply to all scales for plot, land-
scape and catchment scales, such that 
management practice can be tested 
across scales, from single fields to large 
watersheds, specifically targeting the 
impact of landscape practices and 
long- term outcomes.

The modelling strategy proposed has im-
portant implications for soils research at 
Critical Zone Observatories to scale up their 

science understanding to larger domains, 
which will improve the prospect of carbon–
nitrogen management greatly.

The novelty of the proposed strategy is 
that for the first time a spatially explicit and 
physically based hydrological model will be 
coupled with the nutrient cycling and agro-
nomic simulation model, a necessary step to-
wards a complete virtual representation of the 
physical and biological matrix of a watershed. 
This is enabled largely by the steady progress 
in computing power, accessibility of high- 
resolution soils, weather and land-use data, 
and advances in necessary theoretical and em-
pirical knowledge for predictions in terrestrial 
hydrologic and biogeochemical processes. 
The development of such a model will allow 
simulating virtual scenarios in agricultural 
catchments, support the analysis of emerging 
and fully coupled properties of the soil carbon 
system and implement realistic management 
optimization schemes that consider the vari-
ability of the landscape explicitly, so that man-
agement in one land unit can be evaluated 
transparently for its on-site and off-site effects.

Fig. 8.4. Prototype services showing the soils, land parcel, wetland inventory in a central database used 
to automate the development of the PIHM model for a site in Pennsylvania, USA. (From Leonard and 
Duffy, 2013.)
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Abstract
Terrestrial ecosystems play a major role in regulating the concentrations of three greenhouse gases 
(CO2, CH4 and N2O), of which CO2 is the most important in terms of the impact on the global radiative 
balance. Soils play a major role in the global carbon (C) cycle and CO2 dynamics; thus, management of 
soil carbon appears essential and more and more inevitable.

The capacity of natural and managed agroecosystems to remove carbon dioxide from the atmos-
phere in a manner that is not immediately re-emitted into the atmosphere is known as carbon seques-
tration: carbon dioxide is absorbed by vegetation through photosynthesis and stored as carbon in 
biomass and soils, and released through autotrophic and heterotrophic respiration. Forests, croplands 
and grasslands can store large amounts of carbon in soils for relatively long periods. Soils are the larger 
terrestrial pool of organic carbon. Moreover, soil carbon sequestration is beneficial for soil quality, both 
over the short term and long term, and can be achieved through land management practices adapted 
to the specific site characteristics. The ability of soils to sequester carbon depends on climate, soil 
type, vegetation cover and land management practices.

According to the fourth assessment report of the Intergovernmental Panel on Climate Change 
(IPCC), the total technical greenhouse gas (GHG) mitigation potential of agriculture (considering all 
gases and sources) is estimated to be in the range 4.5–6 Gt CO2-equivalent year–1 by 2030. Estimates 
indicate that many of these options are of relatively low cost and generate significant co-benefits in the 
form of improved agricultural production systems, resilience and other ecosystem services. Moreover, 
many of the technical options are readily available and could be deployed immediately. About 90% of 
this potential can be achieved by soil C sequestration through cropland management, grazing land 
management, restoration of organic soils and degraded lands, and water management in rainfed and 
irrigated croplands. In most cases, such management practices include the management of organic 
residues produced on site or coming from outside the field or the farm. It has been estimated that the 
global world production of residues in the agriculture sector is about 3.8 Pg C and, to date, the use of 
this resource has not been optimized; a large part is still being burned.

Over the past two decades, other practices have been tested and are still controversial, such as 
biochar or chipped ramial wood application in cultivated fields. Biochar is a stabile carbon amend-
ment, produced from pyrolysis of biomass, which may increase biomass productivity as well as se-
quester C from the source biomass. The scientific validation of these practices is still incomplete.
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Full participation of the agricultural sector in GHG mitigation still faces some challenges and bar-
riers related to measurement, monitoring and reporting requirements in C offset markets. Further im-
provements are needed in methodologies and approaches that would help project designers and policy 
makers to integrate significant mitigation effects in agriculture development projects.

Introduction and Background

At global level, agriculture and forestry are 
major contributors to increased greenhouse 
gas (GHG) concentrations, from emissions of 
nitrous oxide (N2O), methane (CH4) and car-
bon dioxide (CO2). Agricultural emissions of 
N2O and CH4 amount to c.10–12% of total glo-
bal anthropogenic emissions of GHGs (IPCC, 
2007), with emissions in 2005 estimated at 
3.3  Pg CO2-equivalent for CH4 and 2.8  Pg 
CO2-equivalent for N2O. Soil represents the 
main C stock in agricultural systems, and de-
creases or increases of soil organic C (SOC) 
stocks, due to changes in land use and man-
agement, climate or other drivers, result in net 
emissions or removals of CO2. Global esti-
mates for the net CO2 contribution from agri-
cultural soils are difficult to quantify and 
have large uncertainty, but recent IPCC (2007) 
estimates are for a net emission of 40 Tg CO2-
eq year−1. This relatively small net contribu-
tion is in contrast to a much larger historical 
loss of C from soils, and also potential losses 
induced by global warming, which could be 
in the order of several Pg CO2 year–1 (Amund-
son, 2001). In a recent study, Shevliakova 
et al. (2009) estimated a net annual terrestrial 
carbon source due to all land-use activities 
ranging from 1.1 to 1.3 Pg C during the 1990s. 
Those authors also estimated separately, but 
with higher uncertainties, the contributions 
from grasslands (ranging from an emission of 
0.37 Pg C year−1 to a sink of 0.15 Pg C year−1) 
and for croplands (net emissions in the range 
0.6–0.9 Pg C year−1).

In any case, the contribution of agricul-
ture to GHG emissions varies from country 
to country, depending mainly on the struc-
ture of the economy. Excluding land-use 
change and forestry (LUCF), agricultural 
emissions vary from a few per cent (e.g. 1% 
for Jordan in 2000, 6% for the USA, 10% for 
the 27 members of the European Union in 
2010, 14% for China in 1994) to one-half or 
more of total emissions (e.g. 48% for Brazil 

in 2005, 68% for Benin in 2000, 81% for 
Ethiopia in 1995 and even 91% for Chad in 
1993) (UNFCCC, 2012). For all Annex I 
countries together, the agricultural sector 
(excluding LUCF) contributes about 9% of 
total emissions.

This huge uncertainty applies also to 
soil C sinks at national and regional levels. 
In most cases, there is no agreement on the 
regional net contribution of SOC from agri-
cultural soils. For instance, in Europe, some 
authors reported a recent net sink (Ciais et al., 
2011a), whereas others reported net emis-
sions (Bellamy et al., 2005; Ceschia et al., 
2010). Most regions have even less available 
information (e.g. Africa; see Ciais et al., 2011b) 
and thus uncertainties are large and it is dif-
ficult to draw clear conclusions.

Agricultural activities are also directly or 
indirectly responsible for the largest part of 
the emissions, due to deforestation worldwide 
(Hosonuma et al., 2012). Collectively, agricul-
ture, forestry and other land use (AFOLU) is 
recognized to contribute about one-third of 
global anthropogenic emissions (Baumert et al., 
2005; IPCC, 2007), and thus agriculture should 
be strongly considered in policies and actions 
concerning GHG mitigation.

Although the AFOLU sector is a GHG 
source, it can also act as a sink for CO2, 
through improved land use and management 
practices. Smith et al. (2007) estimated that 
the global potential for all mitigation options 
in agriculture, considering all gases and ex-
cluding fossil fuel replacement from bio-
energy, were c.5500–6000 Tg CO2-eq year−1 
by 2030, with an associated 95% confidence 
interval from 3000 to 8700 Tg CO2-eq year−1. 
Moreover, the authors also estimated that 
about 90% of total mitigation potential was 
from soil carbon sequestration (SCS) includ-
ing cropland and grassland management and 
the restoration of organic cultivated soil and 
degraded land. As with emissions, the miti-
gation potential and measures vary among 
regions; however, developing countries, which 
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are responsible for about 75% of agricultural 
GHG emissions, also represent the largest share, 
about 70%, of the total mitigation potential 
(IPCC, 2007; UNFCCC, 2008).

Thus, managing soil C has implications 
both in terms of sources and sink of atmos-
pheric CO2. But the AFOLU sector must, 
above all, face the important challenge of 
supporting food production and food secur-
ity. This imperative is recognized in the 
UNFCCC, where it is stated that stabiliza-
tion of GHGs must be achieved while ensur-
ing that food production is not threatened. 
Thus, particularly following the food crises 
of 2008 and 2009, the international debate 
has shifted somewhat away from GHG miti-
gation in the AFOLU sector towards food 
security and sustainability goals in other 
international agreements and initiatives 
(e.g. United Nations Convention to Combat 
Desertification (UNCCD), Convention on 
Biological Diversity (CBD), Global Soil Part-
nership, Rio+20, etc.), with a greater focus 
on adapting to climate changes and extreme 
climate events. However, adopting practices 
to achieve GHG mitigation and improving 
food security and soil sustainability are not, 
in most cases, mutually exclusive. Indeed, 
they can often be complementary in that 
SCS allows for the replenishment of soil or-
ganic matter, thereby providing several other 
benefits, including improved soil structure 
and stability that leads to reduced soil ero-
sion, improved soil biodiversity, increased 
nutrient-holding capacity, increased nutri-
ent-use efficiency, increased water- holding 
capacity and increased crop yields. More-
over, carbon in soil improves the resilience 
of cropping systems against both excess and 
lack of water, and accompanying improve-
ments in soil biodiversity increases resilience 
to changing environmental conditions and 
stresses. Therefore, it strengthens the capacity 
to face extreme events (climate adaptation). 
Most mitigation and adaptation solutions 
are interrelated, and both must be planned 
together. In arid and semi-arid regions, soil 
degradation is widespread and most dry-
land soils are already degraded or are at high 
risk of degradation. Due to natural constraints, 
dryland soils contain a very small amount of 
carbon (typically below 1%). Thus, maintaining 

a minimum soil organic matter level is crit-
ical to maintain soil function. It is evident 
that in arid and semi-arid regions, SCS is 
more important for the non-GHG benefits, in 
terms of economic and social impacts, than 
the absolute amount of carbon sequestered.

The objectives of this chapter are thus 
to provide an updated overview of the dif-
ferent approaches for encouraging SCS, but 
also to give a focus on common erroneous 
shortcuts still present in the debate of miti-
gation and agriculture. Finally, this chapter 
will also discuss and propose solutions for 
removing barriers to the full implementa-
tion of SCS solutions into policies.

Options and Practices to Mitigate 
through Soil Carbon Sequestration 

at Field Scale

Many mitigation options focus on increas-
ing SOC in the soil profile, but managing 
soils also influences fluxes of CH4 and N2O. 
Thus, to account for the overall GHG balance, 
Bernoux et al. (2006) proposed a definition 
of SCS: ‘SCS for a specific agroecosystem, in 
comparison with a reference, should be 
considered as the result for a given period of 
time and portion of space of the net balance 
of all GHG expressed in C–CO2-equivalent 
or CO2-equivalent, computing all fluxes at 
the soil–plant–atmosphere interface, but also 
the indirect fluxes (gasoline, enteric fermen-
tation, etc).’ A number of detailed reviews 
of agricultural management practices being 
promoted for SCS and GHG reductions have 
been published recently (e.g. Ogle et al., 
2005; Smith et al., 2007; Eagle et al., 2010; 
Denef et al., 2011). Here, we present a brief 
overview of different types of activities 
from a global perspective.

The IPCC (2007) published global esti-
mates of SCS (net change considering all 
direct GHGs, expressed as CO2-eq) of broad 
sustainable land management categories, 
namely agronomy, nutrient management, 
tillage/residue management, water manage-
ment and agroforestry (Table 9.1). Briefly, the 
‘agronomy’ category corresponds to practices 
that may increase yields and thus generate 
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higher residues. Examples of such practices 
reported by Smith et al. (2007) include using 
improved crop varieties, extending crop ro-
tations and rotations with legume crops. 
 Nutrient management corresponds to the 
application of fertilizer, manure and bio-
solids, improving either the efficiency (ad-
justing application rate, improving timing, 
location, etc.) or diminishing the potential 
losses (slow- release fertilizer form or nitrifi-
cation inhibitors). Tillage/residue manage-
ment concerns the adoption of practices 
with less tillage  intensity, ranging from min-
imum tillage to no-tillage, and with or with-
out residue retention on the field. Water 
management brings together enhanced irri-
gation measures that can lead to an increase 
in productivity (and hence of the residues). 
Agroforestry encompasses a wide range of 
practices where woody perennials are inte-
grated within agricultural crops.

Estimates of the mean net mitigation 
potential by these aggregated management 
categories are reported in Table 9.1. Due to 
the scarcity of data, only simplified categor-
ies were used in compiling mean estimates 
of C sequestration potential at the global 
scale, aggregated by major climate (Table 9.2; 
Plate 7).

Branca et al. (2013b) synthesized pub-
lished data on the impact of the adoption of 

mitigation practices corresponding to these 
categories on crop productivity (average 
yield). Table 9.1 should be read with cau-
tion, because the values have been obtained 
from two different data sets, and also 
the  main land management categories are 
too broad to allow a direct relationship be-
tween the mitigation potentials and average 
yield increases. But as a whole, these find-
ings suggest that management options 
 favourable for GHG mitigation have a posi-
tive  effect on yields, and thus soil fertility. 

Table 9.1. Annual net mitigation potentials including non-CO2 GHG (Mg CO2-eq ha-1 year-1) in each climate 
region for aggregate management categories.

Regions  
(moisture  
regime)

Sustainable land management 
categories

Net mitigation potentiala  
  (t CO2-eq ha–1 year–1)

Average yield  
increaseb (%)Cool Warm

Dry Agronomy 0.39 0.39 116
Nutrient management 0.33 0.33 72c

Tillage/residues management 0.17 0.35 122
Water management 1.14 1.14 92
Agroforestry 0.17 0.35 81

Moist Agronomy 0.98 0.98 122
Nutrient management 0.62 0.62 118
Tillage/residues management 0.53 0.72 55
Water management 1.14 1.14 164
Agroforestry 0.09 0.72 61

aEggleston et al. (2006); bBranca et al. (2013b); cconsiders only organic nutrient management.

Table 9.2. Correspondence between IPCC 
climate zones used in Eggleston et al. (2006) and 
simplified classification used by Smith et al. (2007) 
and IPCC (2007) for reporting GHG mitigation 
potentials.

IPCC climate zone Simplified

Tropical montane dry Warm dry
Tropical montane moist Warm moist
Tropical wet Warm moist
Tropical moist Warm moist
Tropical dry Warm dry
Warm temperate dry Warm dry
Warm temperate moist Warm moist
Cool temperate dry Cool dry
Cool temperate moist Cool moist
Boreal moist Boreal moist
Boreal dry Boreal dry
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This finding has important implications for 
the potential and means of capturing syner-
gies between mitigation and food security 
( Branca et al., 2013a).

Since the IPCC (2007) assessment, new 
practices have been considered, including 
the use of biochar as a soil amendment and 
also the application of ‘chipped ramial 
wood’ to cultivated fields.

Biochar is produced from pyrolysis of 
biomass heated between 300°C and up to 
1000°C under zero (or extremely low) oxygen 
concentration. Biochar is considered to be 
constituted mostly of recalcitrant or stable 
organic C, and has been proposed as a miti-
gation solution that also improves soil prop-
erties and functionality. A recent report 
(Verheijen et al., 2010) concluded that the 
carbon sequestration potential of biochar 
was largely hypothesized and important un-
certainties remained, particularly regarding 
the effects on CH4 and N2O fluxes. Biochar 
applications have also been found to im-
prove the overall soil quality and increase 
yields. Jeferry et al. (2011) reported, in a 
quantitative review of the effect of biochar 
on crop productivity, a mean yield increase 
of 10%, although with a wide range in yield 

responses, from −28% to +39%. The highest 
increases were observed for acidic and neu-
tral pH soils and medium- to coarse-texture 
soils. The efficacy of biochar for GHG miti-
gation is currently under debate, and there 
are still large unknowns and potential risks 
that need to be quantified.

Chipped ramial wood (CRW) consists 
of the twigs and branches of trees or shrubs 
used in cultivated land for mulching. Ori-
ginally a by-product of hardwood logging 
and processing in Canada, some scientists, 
farmers and non-governmental organiza-
tions (NGOs) have advocated the use of 
CRW to improve soil fertility and rehabili-
tate degraded soils. With a high content of 
cellulose and lignin, CRM is considered to 
stimulate soil fungi. As is typically the case 
with new cultivation practices – to date, more 
attention has been paid by farmers, NGOs 
and extension services – scientific investi-
gations are scarce. Barthès et al. (2010) per-
formed a synthesis of available experimental 
results and concluded that CRW had a posi-
tive effect on crop yield (except for the first 
year in some cases), increased soil organic 
matter (and thus SOC) and improved medium- 
term nutrient availability (Fig. 9.1). However, 
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it is recognized that the scarcity of available 
information does not allow for precise agro-
nomic recommendation, and even more at-
tention needs to be paid to the availability 
of the raw material and the time and energy 
necessary for preparing the material.

Moreover, the benefit of CRW as com-
pared with non-woody amendments is poor-
ly documented, and thus the comparative 
advantage in relation to more traditional in-
puts is not proved.

Recently, the World Bank (2012) pub-
lished a report containing a meta-analysis 
that included more conventional agricul-
tural practices aimed at GHG mitigation, as 
well as other technical solutions (e.g. bio-
chars), and using more resolved land man-
agement categories and focusing in Latin 
America, Africa and Asia (Fig. 9.2).

Other options that have been evaluated 
recently for GHG mitigation potential in-
clude organic farming practices.  Gattinger 
et al. (2012) performed a quantitative as-
sessment based on pairwise comparisons 
of organic versus non-organic farming  systems 
from 74 published  studies. The authors found 
significant higher  values for organic sys-
tems of 0.350 ±  0.108 kg C m−2 for stocks 
and 0.045 ±  0.021 kg C  m−2 year−1 for se-
questration rates. But they failed to iden-
tify clear drivers and when they used a 
more restrictive approach, excluding data 
sets with lowest data quality (e.g. excluding 
studies lacking direct measurements of soil 
bulk density), the sequestration rates were 
non-significant. Moreover, Leifeld et  al. 
(2013) argued that the study by  Gattinger 
et al. (2012) was biased and that their con-
clusion that practices central to organic 
farming could mitigate climate change 
through C sequestration in soils was mis-
leading.

Issues and Barriers to Implementing 
Agricultural C Sequestration and 

GHG Reductions

While a variety of agronomic practices 
have been shown to reduce GHG emis-
sions and/or sequester C in soils and 

 biomass at the field scale, achieving wide-
spread and broad improvements at re-
gional/national scales – so that meaningful 
levels of mitigation can be achieved – 
faces a variety of challenges. The most ob-
vious is that adopting best practices for 
GHG mitigation will, in most cases, incur 
additional costs to the land user, at least 
in the short-term, and therefore land users 
will need to be compensated to secure 
their participation. Agricultural soils have 
been largely excluded as mitigation options 
within the Clean Development Mechan-
ism (CDM)1 and the Kyoto Protocol (KP) 
system, although there is growing interest 
for inclusion of agricultural options in 
several voluntary market registries, as well 
as compliance markets in Australia and 
California. In order to realize a greater par-
ticipation of agriculture in climate change 
mitigation, further progress is needed in 
emissions quantification, as well in meeting 
common GHG accounting standards that 
ensure that emission reduction and seques-
tration are real and verifiable. A brief discus-
sion of these issues is given below, and the 
reader is referred to other chapters for a 
more in-depth treatment.

For SOC accounting, well-developed 
methods exist to measure SOC stocks and 
have been applied routinely for many decades. 
Automated dry combustion soil C analysers 
are highly accurate and, with proper labora-
tory techniques, the error in estimating the 
SOC contents of a soil sample is small. How-
ever, the relative scarcity of well-equipped 
laboratories in developing countries is an 
impediment. Near- or mid- infrared spectros-
copy is another method under development 
that has considerable promise, particularly 
in developing countries (Brunet et al., 2007), 
and it has the potential for significant reduc-
tions in cost and increased sample through-
put, if adequately calibrated (Kamau-Rewe 
et al., 2011).

The issue with relying on direct 
measurements for soil C accounting is not 
a lack of technology per se (as is some-
times believed), but rather cost and prac-
ticality. Because SOC exhibits significant 
spatial variability at field scales, and 
changes in stocks relative to back ground 
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SOC levels are often small, direct meas-
urement of SOC changes for an individual 
field can require a large number of samples, 
and thus a high cost. Efficient sampling de-
signs, which focus on repeated measure-
ments over time at relocatable benchmark 
sites, can reduce greatly the sampling re-
quirements (and cost) for detecting SOC 
change (Conant and Paustian, 2002; Lark, 
2009; Spencer et al., 2011). However, for 
many smaller mitigation projects, particu-
larly in areas with highly heterogeneous 
landscapes, quantifying SCS with direct soil 
measurements alone is likely to be too costly.

Using model-based quantification sys-
tems, supported by a coordinated network 
of ‘on-farm’ monitoring locations with direct 
SOC measurements for representative soils 
and management practices, has been pro-
posed as an approach that can reduce costs 
significantly, while achieving acceptable ac-
curacy and precision, for the measurement 
and monitoring required for agricultural op-
tions to be broadly accepted by C offset mar-
kets (Paustian et al., 2011; Spencer et al., 
2011). This would enable monitoring at 
field and farm scales to focus on reporting 
of the practices that are occurring – when 
and where on the landscape – which can be 
accomplished using lower-cost methods 
such as remote sensing and self-reporting by 
the land users themselves (Paustian, 2012). 
This type of approach could reduce dra-
matically the transaction costs for agricul-
tural mitigation projects and thus provide 
more net compensation to incentivize land 
users, potentially enabling a much broader 
participation in agricultural mitigation pro-
grammes.

Other C accounting issues, specifically 
additionality, permanence and leakage, pose 
challenges to a broad participation of agri-
culture in current and future mitigation 
policies. Further research and streamlined 
policy designs can reduce impediments to 
agricultural participation in GHG mitigation 
efforts.

Additionality refers to the condition 
that a mitigation project must produce re-
sults that would otherwise not be achieved 
in the absence of an explicit mitigation 
policy or effort – in other words, that the 

mitigation results are additional to what 
would have occurred with ‘business as 
usual’ (BAU). This is particularly import-
ant for agricultural activities that would 
not themselves be subject to mandatory 
GHG emission regulations, but rather func-
tioning as an ‘offset’ to required emission 
reductions in an industrial or energy- sector 
business. Agricultural mitigation activities 
need to be demonstrably ‘additional’ in 
order to be viewed as of equal value to 
emission reductions in other sectors of the 
economy. Currently, most agriculturally re-
lated mitigation projects (indeed, projects 
of all kinds), primarily involving voluntary 
market systems, establish additionality on 
a project-by-project basis, in which pro-
jects are tested by different criteria (e.g. 
regulatory, financial, common practice) to 
establish that the project activities do not 
simply represent BAU.

Establishing additionality on a case-by-
case basis, as in the CDM and many voluntary 
market standards, can entail development, 
evaluation and verification costs. Alternatives 
being explored are broader practice based or 
‘performance standards’ that apply, for ex-
ample, for an entire class of projects within 
a country or large region. However, setting 
and applying performance standards also 
faces significant challenges; first, in deter-
mining what constitutes an objective BAU 
baseline, particularly in developing coun-
tries where information on current and past 
land use and management practices is patchy 
at best for many countries. Second, there 
can be substantial variability for any set of 
agricultural systems and practices viewed 
at a regional or national scale, so setting a 
too liberal performance standard will in-
crease the number of ‘free riders’, i.e. pro-
jects that are not really additional, whereas 
too strict a performance standard will pre-
clude many projects with significant mitiga-
tion potential. Key to establishing workable 
yet rigorous performance standards for po-
tential agricultural mitigation practices will 
be more data and understanding of the 
trends in the management practices that are 
actually occurring on the landscape and 
what the drivers are that influence manage-
ment choices.
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All biological C sinks are inherently 
non-permanent, in that organic carbon, 
whether in biomass or soils, is subject to 
re-emission as CO2 to the atmosphere if the 
management practices that increase C stocks 
are reversed or somehow compromised. 
Soil C stock accumulations are, in general, 
less vulnerable than biomass C stocks to 
 inadvertent stock losses due to natural dis-
turbances, such as fire and pest outbreaks. 
Thus, intentional abandonment or reversal 
of the soil C sequestering practices repre-
sents the primary non-permanence risk for 
soils. Other challenges to long-term main-
tenance of prescribed practices include 
changes in land ownership and incentives 
to change cropping practices due to changes 
in commodity prices. To the extent that the 
adoption of improved practices leads to in-
creased productivity and/or reduced costs 
over time (but require incentives to first es-
tablish), risks of non-permanence for many 
conservation management practices may be 
relatively low – i.e. farmers would have 
additional (non-mitigation related) incen-
tives to continue to maintain the practices 
long term.

Various approaches have been pro-
posed to adjust for non-permanence, in-
cluding ex ante discounting and leasing or 
renting sequestration credits (Murray et al., 
2007), which assume that all additional 
stored carbon is re-emitted at the end of the 
project/contract period and the value of the 
credit is discounted accordingly. The gen-
eral concept with rented or leased credits is 
that the buyer assumes liability for emis-
sions of stored carbon after the end of the 
contract period, and thus would have either 
to renew the lease or to replace it with other 
credits or emission reductions. This de-
creases the economic value of SCS-based 
activities dramatically, and thus is a strong 
disincentive for many agricultural mitiga-
tion projects.

Another approach to reducing non- 
permanence risk includes the use of a per-
manence buffer, such as in the Verified 
Carbon Standard (VCS, 2013). The VCS 
uses a risk assessment approach to rate pro-
jects in terms of their relative risk for non- 
permanence in order to establish an amount 

of offset credits that are assigned to a pooled 
buffer account, which is maintained within 
the overall offset registry. Over time, if a 
project maintains its integrity and is able to 
mitigate the non-permanence risk success-
fully, the number of credits held in the buf-
fer account is reduced. The advantage to the 
buffer approach is that the non-permanence 
risk is held within the registry so that activ-
ities that have a low risk of non-permanence 
are not penalized unduly and full-value 
‘permanent’ credits are issued to the buyer. 
To do so, however, requires an increased 
monitoring and assessment effort within the 
programme to ensure the integrity of the 
permanence buffer.

Leakage refers to unintended emis-
sions that occur outside the boundary of a 
mitigation project that arise due to the es-
tablishment of the project, thus nullifying 
all or part of the emission reductions (or 
sink enhancement) achieved by the pro-
ject. For example, an effort to halt deforest-
ation and the accompanying CO

2 emissions 
in one location could result in the forest- 
clearing activities moving to another loca-
tion, so that emissions are not really reduced 
as a result of the project, unless proper 
safeguards are in place to prevent leakage. 
This type of displaced activity leakage is 
most likely to occur for agricultural activ-
ities that involve land-use changes, such as 
afforestation of agricultural land or conver-
sion of cropland to grassland reserves, 
which reduce or displace the main product-
ive use of the land, such as food or fibre 
production. Thus,  effective agricultural miti-
gation projects promoting SCS will be those 
that maintain or enhance food and fibre 
production. This type of approach is also 
highly commensurate with objectives to 
increase food security and buffer against 
the effect of climate change, as discussed 
previously in the chapter.

Integrating the Spatial Dimension: 
A Mandatory Aspect

The spatial dimension has to be taken into 
account since a technical solution could in-
crease emissions at the scale of an individual 
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field level, but might at the same time rep-
resent a good mitigation strategy at the 
landscape, or even national, level. For ex-
ample, while agronomic intensification 
at  the field scale to increase production 
could increase emissions locally, it is evi-
dent that at a regional level, increasing 
production in areas capable of high crop 
productivity will reduce conversion pres-
sure on other land (forest/savannah deg-
radation) and reduce GHG emissions at 
the regional scale. Thus, at a regional level, 
increased access to fertilizers for farmers 
can be a candidate mitigation  solution 
compared to other alternatives ( reduced in-
tensification, higher dependencies from 
importation, additional land degradation). 
This is particularly important in develop-
ing countries where, erroneously, nitrogen 
fertilization is in most cases considered 
only as an N2O emissions source. Burney 
et al. (2010) demonstrated the importance 
of taking into account a landscape dimen-
sion when identifying cost-effective ways 
to avoid GHG emissions. Future agricul-
tural productivity is critical, as it will 
shape emissions from the conversion of 
native landscapes to food and biofuel 
crops. However, the Burney et  al. (2010) 
analysis noted that investment in agricul-
tural research was rarely mentioned as a 
mitigation strategy. Based on their esti-
mates of the net effect on GHG emissions 
of historical agricultural intensification 
between 1961 and 2005, they found that 
while emissions from factors such as fer-
tilizer production and application had 
 increased, the net effect of higher yields 
meant an overall decrease in GHG emis-
sions. Their figures show that each dollar 
invested in agricultural yields has re-
sulted in 249 fewer kg  CO2-eq emissions 
relative to 1961 technology, and that in-
vestment in yield improvements compares 
favourably with other commonly proposed 
mitigation strategies. This analysis is par-
ticularly important for countries that need 
to increase food productivity at the na-
tional level. However, the problem re-
mains of how to quantify the impact of 
national policies or of the implementation 
of field plot  technical solutions at the 

landscape level. The bioenergy debates 
have shown that land-use change (LUC) is 
critical for environmental assessment. 
LUC includes direct LUC (dLUC), occur-
ring in the study area itself, and indirect 
LUC (iLUC), occurring outside the study 
area but resulting from changes within the 
study area. Lapola et  al. (2010) reported 
that iLUC could, in certain cases, over-
come carbon savings from biofuels. Dur-
ing recent years there has therefore been 
an increasing  demand by project man-
agers and policy makers for suitable GHG 
assessment tools to reap the benefits of a 
landscape-scale approach. The IPCC has 
published guidelines and good practices for 
GHG accounting (Eggleston et  al., 2006), 
and various tools have been developed to 
help those performing GHG assessment 
within these guidelines. Denef et al. 
(2012) classified these tools into calcula-
tors, protocols, guidelines and models. 
Two recent publications (Colomb et al., 
2013; Milne et al., 2013) showed that 
many calculators were available for 
 landscape-scale assessment to meet differ-
ent needs (and cover different parts of the 
world). The level of uncertainty of the 
 appraisal performed with those tools re-
mains high, but is acceptable so long as 
the aim is mainly to raise awareness, 
guide policy decisions and demonstrate 
synergy  between development and mitiga-
tion (Branca et al., 2013b).

Conclusion

SCS should be seen not only in a mitigation 
perspective but also better in a wider ap-
proach considering other ecosystems bene-
fits and optimization of the trade-offs (Fig. 9.3). 
Promoting better C management will be a 
multiple-win solution: for the global scale 
and the climate systems, for the local scales 
and the fight against soil degradation, and 
for the achievement of food security at all 
levels. The mobilization of local solutions 
for SCS will be possible at larger or even 
global scales, only if SCS is considered for 
all its co-benefits.
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Note

1CDM recently adopted a practice for enhanced biological N fixation by legumes for soil N2O reductions.
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Abstract
Soil carbon plays a key role in maintaining crop productivity in the soils in sub-Saharan Africa (SSA). 
This is more so considering that most smallholder farmers cannot afford the use of adequate amounts 
of inorganic fertilizers to restore the proportion of nutrients lost through crop harvests, soil erosion 
and leaching. Complicating the situation is the huge proportion of land under threat of degradation in 
the form of soil erosion and nutrient decline. There are numerous opportunities for improving soil 
carbon as a basis of ensuing sustainable agriculture. This paper discusses the role of soil carbon in 
agricultural production, with special focus on sub-Saharan Africa. First, the paper presents a discus-
sion on the functions of soil carbon (biological, chemical and physical). This is followed by a look at 
the causes of carbon variation across agroecosystems. Management of soil carbon and productivity is 
evaluated in the context of resource availability, quality and soil organic matter pools. Drawing from 
the integrated soil fertility management practices in Africa, the paper discusses various strategies for 
organic carbon management and the implication of the same on crop productivity and soil properties. 
A special focus is given to the lessons learned from long-term experiments across Africa.

10 Soil Carbon and Agricultural 
Productivity: Perspectives from  

Sub-Saharan Africa

Andre Bationo*, Boaz S. Waswa and Job Kihara

*E-mail: abationo@outlook.com

Introduction

Managing soils so that carbon stocks are 
 sustained and even enhanced is of crucial 
importance in ensuring sustainable crop 
production. Soil organic carbon (SOC) is 
considered as the most important indicator 
of soil quality and agronomic sustainability. 
It is the main constituent of soil organic 
 matter (SOM). Organic matter impacts on 
the physical, chemical and biological prop-
erties of soils. The amount of carbon in a soil 
is influenced by the balance between inputs 

(plant residues) and losses, mainly micro-
bial decomposition and associated mineral-
ization. This amount will vary with factors 
such as the specific land use undergoing 
change, soil type and texture, soil depth, 
bulk density, management and climate. The 
decrease of organic matter in topsoils can 
have dramatic negative effects on the water- 
holding capacity of the soil, on structure 
stability and compactness, nutrient storage 
and supply, and on soil biological life such 
as mycor rhizas and nitrogen (N)-fixing bac-
teria ( Sombroek et al., 1993).

mailto:abationo@outlook.com
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For centuries, many farming systems 
have relied on the SOM to sustain production. 
However, with increasing intensification, land 
degradation and climate change, the quantity 
of SOM has declined rapidly, thereby threat-
ening the capacity of the land to produce sus-
tainably. In the past 25 years, one-quarter of 
the global land area has suffered a decline in 
productivity and in the ability to provide eco-
system services because of soil carbon losses 
(Bai et al., 2008). The situation is made worse 
in tropical soils, which are considered as more 
risky because cropping is synonymous to nu-
trient removal in the already  impoverished 
soils with insufficient replenishment. There 
is considerable concern that, if SOM concen-
trations in soils are allowed to decrease too 
much, then the productive capacity of agri-
culture will be compromised. Soils exhibit 
different behaviour, and as such we would ex-
pect to have different SOC levels. However, 
there is a general consensus among scientists 
that a 2% soil carbon (3.5% SOM) is a critical 
level for temperate soils below which poten-
tially serious decline in soil quality will occur 
(Loveland and Webb, 2003).

Functions of Soil Organic Carbon

Organic matter is of great importance in 
soil, because it impacts on the physical, 

chemical and biological properties of soils 
(Baldock and Skjemstad, 1999; Fig. 10.1). 
Physically, it promotes aggregate stability, 
and therefore water infiltration, percolation 
and retention. It impacts on soil chemistry 
by increasing cation exchange capacity, soil 
buffer capacity and nutrient supply. Bio-
logically, it stimulates the activity and di-
versity of organisms in soil (Allison, 1973).

While SOM is primarily carbon, it also 
contains nutrients essential for plant growth, 
such as nitrogen, phosphorus, sulfur and 
micronutrients. Organisms in the soil food 
web decompose SOM and make these nutri-
ents available (Brussaard et al., 2007). The 
rate of SOM decomposition and turnover 
depends mainly on the interplay between 
soil biota, temperature, moisture and a soil’s 
chemical and physical composition (Taylor 
et al., 2009). In addition to soil’s clay con-
tent, there is evidence to suggest that an in-
crease in organic carbon content can increase 
the amount of water present in the soil. Man-
aging soil water is critical in enhancing crop 
productivity, especially with the adverse ef-
fects of climate change and rainfall variabil-
ity in most regions of the world. A marginal 
increase in the amount of plant available 
water of a soil can help maintain or enhance 
potential productivity by allowing the soil 
to retain more water, applied either as rain 
or irrigation.

Biological functions

Functions of
soil organic

matter

Physical functions Chemical functions

Contributes to cation exchange capacity
Enhances pH buffering
Complexes cations

Improves the structural stability of the soil
Influences water retention properties
Alters soil thermal properties

Provides energy to biological processes
Provides nutrients (N, P and S)
Contributes to resilience

•
•
•

• •
•
•

•
•

Fig. 10.1. Functions of soil organic matter. (From Baldock and Skjemstad, 1999.)
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Soil Carbon Changes/ Variation 
Across Ecosystems

The worldwide distribution of SOC reflects 
rainfall distribution, with greater accumula-
tions of carbon in more humid areas. Most 
SOC is found in the northern hemisphere, 
which contains more land mass in humid 
climates than the southern hemisphere. 
Temperature plays a secondary role in global 
SOC distribution. Within climatic zones, the 
amount of SOC is determined by soil mois-
ture, which in turn is influenced by relief, 
soil texture and clay type. The soils of savan-
nahs are relatively low in SOC, but the car-
bon stocks of savannah soils are significant 
globally due to the large land area covered by 
this biome. In contrast, peatlands cover only 
3% of the global land area but contain almost 
one-third of global soil carbon, making them 
the most space- effective carbon store among 
all terrestrial ecosystems.

The current rate of change in SOC is at-
tributable mainly to worldwide land-use in-
tensification and the conversion of new land 
for food and fibre production. The clearing of 
forests or woodlands and their conversion 
into farmland in the tropics reduces the soil 
carbon content, mainly through reduced pro-
duction of detritus, increased erosion rates 
and decomposition of SOM by oxidation. 
Modern industrialized crop production re-
lies on monocultures of highly efficient cash 
crops, which generally create a negative car-
bon budget. Alternative uses of crop residues 
for fodder, fuel or industrial applications 
 exacerbate this trend of decreasing carbon 
 return to the soil. Intensive land uses are also 
expanding into areas where SOC stocks are 
less resilient or soil conditions are marginal 
for agriculture. For example, semi-arid sa-
vannahs and grasslands, tropical rainforests 

and peatlands are all being converted to ar-
able land at an increasing rate. While temper-
ate humid grasslands lose about 30% of their 
SOC after 60  years of cultivation (Tiessen 
et al., 1983), soil carbon stocks in semi-arid 
environments can decrease by 30% in less 
than 5 years when native vegetation or pas-
tures are converted to cropland (Zach et al., 
2006). Cultivation of tropical forest soils 
causes losses of more than 60% of original 
SOC stocks in just a few years (Brown and 
Lugo, 1990).

Soil erosion is the most widespread 
form of soil degradation and has a strong im-
pact on the global C cycle (Lal, 2003). Being a 
selective process, erosion preferentially re-
moves the light organic fraction of a low 
density of <1.8 Mg m–3. A combination of 
mineralization and C export by erosion causes 
a severe depletion of the SOC pool on eroded 
compared with uneroded or slightly eroded 
soils. In addition, the SOC redistributed over 
the landscape or deposited in depressional 
sites may be prone to mineralization because 
of breakdown of aggregates, leading to expos-
ure of hitherto encapsulated C to microbial 
processes among other reasons. Adoption of 
conservation-effective measures may reduce 
the risks of C loss and promote sequestra-
tion of C in soil and biota.

Recent studies in Africa have shown 
the existence of steep gradients in soil or-
ganic C status between fields located close 
to homesteads and those located further 
away (Prudencio, 1993; Table 10.1). These 
gradients reflect the site-specific manage-
ment practices the land users apply to the 
respective areas under production. Fields 
located closer to homesteads benefit more 
from organic and inorganic nutrient appli-
cation compared to those located further 
away. High SOM status in the home fields is 

Table 10.1. Soil fertility of various fields within a farm in Burkina Faso. (From Prudencio, 1993.)

Field
Organic C
   (g kg–1)

Total N
(g kg–1)

Available P
  (mg kg–1)

Exchangeable K
    (mmol kg–1)

Home garden 11–22 0.9–1.8 20–220 4.0–24
Village field 5–10 0.5–0.9 13–16 4.1–11
Bush field 2–5 0.2–0.5 5–16 0.6–1

Home gardens are near the homestead, bush fields are the furthest away from the homestead and village fields at 
intermediate distances. C, carbon; K, potassium; N, nitrogen; P, phosphorus.
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often observed to be related positively with 
high crop yield (Carsky et al., 1998).

Management of Soil Carbon and 
Productivity

The amount of carbon in a soil is influenced 
by the balance between inputs (plant res-
idues) and losses, mainly microbial decom-
position and associated mineralization (Batjes, 
2001). This amount will vary with factors 
such as soil clay content, soil depth and bulk 
density and management. There are a wide 
range of management options and farming 
practices that can increase SOC levels by 
 either increasing inputs or decreasing losses 
(Bruce et al., 1999; Batjes, 2001), as summar-
ized in Table 10.2. Bruce et al. (1999) reviewed 
the management practices for increasing car-
bon sequestration in the soil and grouped 
them into five broad classes: (i) reduction in 
tillage intensity; (ii) intensification of crop-
ping systems; (iii) adoption of yield- promoting 
practices, including improved nutrient amend-
ments; (iv) soil and water conservation meas-
ures; and (v) re-establishment of permanent 
perennial vegetation. Any practice that  enhances 
productivity and the return of plant residues 

(shoots and roots) to the soil will result in 
an increase in soil carbon. These practices 
include recycling of crop residues, transfer 
of plant materials from non-cropped areas 
to arable land, from biological N fixation 
through leguminous crops, utilization of 
animal manure and occasional application 
of inorganic fertilizers (Bekunda et al., 2002). 
On the contrary, strategies to decrease carbon 
losses from the system include reducing soil 
erosion, practising minimum tillage, reducing 
burning or removal of crop residues during 
land clearing and harvesting, and controlled 
grazing, among other practices.

Organic Resource Concept and 
Soil Organic Carbon Pools

The ultimate contribution of these practices 
to SOC is controlled by the type (quality) 
and amount (quantity) of plant residue 
added to the soil (Palm et al., 1997, 2001; 
Vanlauwe, 2003). Studies have been con-
ducted to characterize the quality param-
eters (nutrient, polyphenol and lignin) of 
organic resources and how these affect de-
composition rates. This led to the develop-
ment of the Organic Resource Database (ORD) 

Table 10.2. Management practices that can increase soil organic carbon levels in 
agricultural soils.

Management category Management practices to increase soil carbon

Crop management Soil fertility enhancement
Crop rotation and intercropping
Soil erosion control

Conservation tillage Crop residue retention
Reduced tillage
Crop rotation and intercropping

Pasture management Grazing management
Fertilizer management
Improved grass species
Introduction of legumes
Introduction of perennial pastures

Organic amendments Use of animal manure
Green manure application
Compost and recycling of organics

Agroforestry Improved fallows
Alley cropping
Biomass transfer
Parkland systems
Silvopastoral systems
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(Palm et al., 2001). According to Palm et al. 
(2001), N, polyphenol and lignin contents 
are the major residue quality factors deter-
mining the decomposition rate of organic 
materials and the subsequent nutrient re-
lease. These factors influence the manage-
ment options of organic materials. Organic 
resources can thus be classified as of high, 
low or intermediate quality based on the 
proportions of the above parameters. High- 
quality organic resources contain high pro-
portions of N and low proportions of lignin 
and polyphenols. Materials with such char-
acteristics decompose fast and release nutri-
ents immediately for plant use, but contribute 
less to the build-up of SOC. At the other ex-
treme, low-quality organic resources con-
tain low amounts of N but high proportions 
of lignin and polyphenols. Such materials 
are slow in decomposition and nutrient re-
lease, and hence can contribute more to the 
build-up of the SOM pool. The contribu-
tions of these legumes to nutrient supply 
and SOC depends on the quality of the 
 organics used. Legume residues have a low 
C:N ratio and a low lignin and polyphenol 
content, and are regarded as high quality 
(Swift et al., 1994). These therefore decom-
pose relatively fast, releasing nutrients to 
the current crop. Their contribution to SOC 
build-up may be low relative to other or-
ganic resources such as maize stover and 
manure, which have a relatively high C:N 
ratio. As a result, manipulation of resource 
quality, particularly N and polyphenol con-
tent, or organic resources used as nutrient 
sources is a potentially important way of 
managing SOM (Mafongoya et al., 1998; 
Palm et al., 2001; Kimetu et al., 2004).

Soil Organic Matter Pools

Soil organic matter consists of diverse frac-
tions ranging from young, biologically ac-
tive pools to more recalcitrant, ‘passive’ 
pools (Schimel et al., 1985). These fractions 
and their dynamics are particularly useful 
in understanding the link between SOM dy-
namics and nutrient availability (Motavalli 
et al., 1994). SOC pools have different turn-
over rates (Buyanovsky et al., 1994; Six 

et al., 2002). With respect to soil carbon se-
questration, it is most desirable to fix atmos-
pheric C in those pools having long turnover 
times. Eswaran et al. (1995) defined four 
pools based on carbon dynamics: first, an 
‘active or labile pool’ of readily oxidizable 
compounds. The formation of this pool is 
dictated largely by plant residue inputs 
(and hence management), and climate. Se-
cond, a ‘slowly oxidized pool’ associated 
with soil macroaggregates. The dynamics 
and size of this pool are affected by soil 
physical properties such as mineralogy and 
aggregation, as well as agronomic practices. 
Third, a ‘very slowly oxidized pool’ associ-
ated with microaggregates, where the main 
controlling factor is the water stability of ag-
gregates and agronomic practices have only 
little effect. Fourth, a ‘passive or recalcitrant 
pool’, where clay mineralogy is the main 
controlling factor and there are probably no 
effects due to agronomic practices. Indica-
tive residence times of the above pools are 
termed as ‘labile’, ‘moderate’, ‘slow’ and 
‘passive’, respectively (Table 10.3).

Changes in total SOC proportions in the 
soil take a long time to manifest. Partitioning 
SOC into the different pools using fraction-
ation procedures offers a better understand-
ing of the dynamics of soil carbon otherwise 
masked by the native pool. Kapkiyai et al. 
(1999), in a study in Kenya, observed that 
organic matter and microbial biomass among 
treatments were proportionately larger than 
changes in total SOC. Similar observations 
have been reported by other studies employ-
ing SOM fractionation procedures (Cambar-
della and Elliot, 1992; Christensen, 1992; 
Woomer et al., 1994).

The recent development of models has 
improved understanding of the dynamics of 
SOM and the nutrients associated with it. 
Models can be used to provide a better under-
standing of decomposition and accumulation 
processes and to predict future conditions 
from previous experience of SOM. Soil car-
bon models such as the Rothamsted carbon 
model (Jenkinson, 1990) and the CENTURY 
model (Parton et al., 1988) have been devel-
oped for temperate regions and validated 
against data from long-term experiments 
across the tropics. These models have been 
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quite successful in predicting changes in 
SOM for local soils, climatic conditions and 
agricultural practices. Model predictions are 
potentially valuable for improving manage-
ment practices where experimental data are 
limited, as is the case of most regions in the 
tropics (Syers, 1997).

Using the models, it is now understood 
that the amount of carbon in any undis-
turbed agroecosystems is never constant, 
but oscillates around a steady state driven 
by the accumulation of dry matter and dis-
turbances by fires or other drastic events 
such as droughts. Most of the carbon losses 
are experienced in the initial 5–10 years, 

 affecting mainly the labile carbon fractions. 
After each disturbance, a period of constant 
management is required in order to reach a 
new equilibrium that may be lower, similar 
or higher than the original one (Johnson, 1995) 
(Fig. 10.2). Depending on the management, 
it will take at least 25–50 years before a new 
organic carbon steady state is reached in soils 
(Baldock and Skjemstad, 1999; Batjes, 2001).

Soils vary in their ability to resist change 
or to recover after disturbance (Greenland 
and Szabolcs, 1994; Syers, 1997). Eswaran 
(1994) defined soil resilience as the ability of 
the soil or system to revert to its original or near 
original performance subsequent to stress. 

Table 10.3. Organic carbon (C) pools and estimated ranges in the quantities and turnover times of the 
different types of organic matter (OM) present in agricultural soils. (From Jastrow and Miller, 1997.)

Organic C pool Type of organic matter Turnover time (year) Proportion of total OM (%)

Labile Microbial biomass 0.1–0.4 2–5
Rapid Litter 1–3 –

Particulate OM 5–20 18–40
Light fraction 1–15 10–30

Moderate to slow Within macroaggregates 20–35
Passive Within microaggregates

Physically sequestered 50–1000 20–40
Chemically sequestered 1000–3000 20–40
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Fig. 10.2. Conceptual model of soil organic matter decomposition/accumulation following disturbance. 
Scenarios: (a) stabilization at above-original level; (b) stabilization at original level; (c) stabilization at 
lower than original level. L/D is the ratio of litter production over decomposition. (From Johnson, 1995.)
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This definition emphasized the ability to 
recover with appropriate inputs rather than 
the ability to resist change. Characterizing 
the resilience capacity allows a differenti-
ation of resistant, resilient, fragile and mar-
ginal soils, and a delineation of their 
response to stress (Lal et al., 1989). This is 
the basis for targeting management options.

Conclusion

There is no doubt that SOC plays a key 
role in maintaining the crop productivity 
of soils. Given this importance, the main-
tenance of an adequate level should be a 
guiding principle in developing manage-
ment practices. However, just what consti-
tutes an adequate level is likely to vary 

according to the soil type,  environmental 
conditions and farming systems. There 
are numerous opportunities for improv-
ing soil carbon. Unfortunately, the amount 
of organics available at farm level for use 
in soil improvement is low, due to the 
many competing uses. The use of inor-
ganic fertilizer will remain an important 
option for increasing crop productivity, 
and hence the amount of residues avail-
able for multiple uses, among them soil 
improvement. The contribution of organic 
resources to SOC will vary with the ac-
companying management and quality of 
the resources. Integration of different qual-
ities of organics is needed if the produc-
tion objective is to achieve both immediate 
soil fertility and maintenance and crop 
improvement in the long term.
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Abstract
The soil is a major reservoir of biological diversity on our planet. It also shelters numerous biological 
and ecological processes and therefore contributes to the production of a considerable number of eco-
system services. Among the ecological, social and economic services identified, the role of soil as a 
reservoir of diversity has now been well established, along with its role in nutrient cycling, supporting 
primary productivity, pollution removal and storing carbon.

Since the development of industrialization, urbanization and agriculture, soils have been sub-
jected to numerous variations in environmental conditions, which have resulted in modifications of 
the diversity of the indigenous microbial communities. As a consequence, the functional significance 
of these modifications of biodiversity, in terms of the capacity of ecosystems to maintain the functions 
and services on which humanity depends, is now of pivotal importance. The concerns emanating from 
the scientific community have been reiterated in the Millennium Ecosystem Assessment (MEA, 2005) 
published by the policy makers. This strategic document underlines the need to consider biodiversity 
as an essential component of ecosystems, not only because of its involvement in providing services 
essential to the well-being of human societies but also because of its intrinsic value in terms of a nat-
ural patrimony that needs to be preserved. This objective cannot be raised without the improvement 
of our ability to predict the effects of environmental changes on soil biodiversity, ecosystem function-
ing and the associated services; this requires a better quantification of soil biodiversity at different 
temporal and spatial scales, and its translation into biological functioning. Major advances in molecu-
lar biology since the mid-1990s have allowed the development of techniques to investigate and resolve 
the diversity of soil microbial communities (Maron et al., 2007).

This chapter describes present and ongoing conceptual and methodological strategies employed to 
assess and understand better the distribution and evolution of soil microbial diversity at different spatial and 
temporal scales. It also presents actual knowledge about the link between soil microbial diversity and soil 
processes, with emphasis on C and N cycling, which are determinant for many of the ecosystem services.

11 Soil as a Support of Biodiversity  
and Functions

Pierre-Alain Maron* and Philippe Lemanceau
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Introduction

Soil represents one of the most important 
stocks of carbon (C) of the biosphere, with an 

estimated amount of 2000–3500 Gt of soil or-
ganic matter (SOM) (twice more than in the 
atmosphere). Thus, C is a major soil compo-
nent, controlling its ability to deliver many 
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services on which human well-being is de-
pendent. Soil is also one of the most import-
ant reservoirs of biological diversity on our 
planet and, above all, one of the last bastions 
of such biodiversity (Swift et al., 1998). Since 
most soil organisms are heterotrophs, SOM 
is of major importance for the sustaining of 
this biodiversity. One gram of soil is reported 
to host up to 10 billion microorganisms and 
thousands of different species (Torsvik and 
Øvreås, 2002; Roesch et al., 2007). Soil is also 
the site of numerous biological and ecological 
processes, and therefore performs a consider-
able number of ecosystem services resulting 
from the complex taxonomic and functional 
assemblages of the indigenous communities 
and interactions between organisms (Cole-
man and Whitman, 2004). Pimentel et al. 
(1997) estimated the economic profit derived 
from soil biodiversity at US$1546 billion, al-
though the relative value of the associated 
services remains to be determined (Huguenin 
et al., 2006).

Among the ecological, social and eco-
nomic services identified, the role of soil as 
a reservoir of biodiversity has now been well 
established, along with its role in surface- 
water purification, recycling of mineral 
elements (soil fertility) and carbon storage 
(as a sink for atmospheric CO2, soil fertility), 
the latter processes being related directly to 
climatic changes and plant productivity 
( Pimentel et al., 1997). However, the studies 
involving a characterization/quantification 
of soil biodiversity and its translation into 
biological functions are much fewer than 
those dealing with the biodiversity of organ-
isms living on its surface (notably plants), 
and therefore our knowledge of the below-
ground diversity and functioning remains 
limited (Prosser et al., 2007). This holds even 
more for microbial communities, which are 
still considered as being ubiquitous on the 
basis of the statement made by Beijerinck 
(1913) that ‘everything is everywhere’ and 
showing a high functional redundancy. Thus, 
soil microbial communities are regarded as 
a functional ‘black box’, generating fluxes of 
different intensities that are solely depend-
ent on abiotic factors such as temperature, 
moisture and pH. The hypothesis that the 
diversity and composition of microbial 

communities, as well as trophic interactions 
between populations, may play a functional 
role has so far basically been excluded 
(McGill, 1996; Gignoux et al., 2001). This 
has resulted in: (i) a limited effort in charac-
terizing soil microbial diversity, its spatial 
distribution and contribution to soil func-
tioning (Ranjard et al., 2010); and (ii) an in-
sufficient, even non-existent, consideration 
of microbial diversity in the models cur-
rently used to quantify fluxes of matter and 
energy in soils (Ingwersen et al., 2008).

Technical difficulties account partly for 
these scientific lacunae in microbial ecology. 
Microorganisms, as their name implies, are of 
microscopic size (in the order of one micro-
metre for bacteria). Their diversity in soils is 
huge (Torsvik and Øvreås, 2002; Bates et al., 
2011), and the very large range of environ-
mental conditions (soil types, climatic zones, 
land uses) is likely to enhance this diversity 
even more. Most (more than 90%) of these 
microorganisms cannot be cultured on avail-
able media (Schloss and Handelsman, 2003; 
Rajendhran and Gunasekaran, 2008), which 
has meant that, until recently, they could 
not be studied. Soil microorganisms are also 
hidden within the soil, which is a heteroge-
neous but structured matrix, and thus hin-
ders access to this biotic component. These 
various difficulties have, for a long time, 
permitted only a truncated vision of soil 
biodiversity.

However, thanks to major advances in 
molecular biology during the past 20 years, 
techniques have been developed to investi-
gate and decipher the diversity of soil micro-
bial communities in situ and without a priori 
knowledge (Ranjard et al., 2001). In this sci-
entific context, this chapter aims at provid-
ing a better understanding of present and future 
prospects in soil microbial ecology and func-
tioning, with specific attention on the C cycle. 
It is divided into three main sections. The 
first provides a survey of the develop-
ment of  molecular tools and how they repre-
sent a unique opportunity to progress in our 
knowledge of soil biodiversity and function-
ing. The second section focuses on the im-
portance of SOM as a driver of soil abundance 
and biodiversity at different spatial scales. 
The third section presents actual developments 



 Soil as a Support of Biodiversity and Functions 143

aiming at linking soil biodiversity with 
ecosystem services, with a specific focus on 
C cycle.

Methods of Characterization of Soil 
Microbial Communities

The scientific domain described as ‘micro-
bial ecology’ is about 50 years old, and is 
thus young. Its step-by-step evolution has 
been promoted mainly by methodological 
developments (Fig. 11.1; Maron et al., 2007). 
Among these developments, numerous mo-
lecular tools are now available to character-
ize the microbial information contained in 
the nucleic acids extracted from environ-
mental samples (Swift et al., 1998; Qin et al., 
2010). They allow the routine characteriza-
tion of variations in microbial community 
abundance, structure and diversity in mul-
tiple situations (for review, see Ranjard et al., 
2001). With the development of these so-
called ‘molecular ecology’ approaches, the 
number of studies dedicated to the charac-
terization of microbial communities in vari-
ous environments or subjected to different 
perturbations has increased exponentially 
(Morris et al., 2002). All these studies are 
highly promising and are providing insights 
into chronic or punctual modifications of 
microbial biodiversity in natural environ-
ments.

Total microbial communities and those 
determining particular functions or belong-
ing to specific taxonomic groups of particular 
interest or presenting a danger can therefore 
be quantified. The abundance of total mi-
crobial communities can be measured from 
the microbial molecular biomass (Dequiedt 
et al., 2011). The microbial biomass is a 
well- known marker of soil biological func-
tioning (Horwath and Paul, 1994) and repre-
sents a sensitive and early indicator of changes 
of soil management (farming practices, con-
tamination; Ranjard et al., 2006). It is deter-
mined by quantifying the microbial DNA in 
soil extracts and is correlated with the mi-
crobial biomass (Marstorp et al., 2000; Leck-
ie et al., 2004) measured after fumigation 
extraction (Vance et  al., 1987). The advan-
tage of molecular biomass, compared with 

the biomass obtained after fumigation extrac-
tion, is that it can be measured on dry soil 
samples, which means that it can be deter-
mined at the same time as physico- chemical 
analyses, using a moderate- throughput sys-
tem to establish reference values for inter-
preting the results.

Total community (bacteria or fungi), 
functional communities, or those belonging 
to a particular taxonomic group, can also be 
quantified from soil DNA extracts by apply-
ing quantitative PCR to determine the num-
ber of copies of the rRNA genes (whole 
communities), the functional gene shared 
by populations in the functional commu-
nity or of a specific sequence in the targeted 
taxonomic group, respectively. One example 
of a functional group concerns bacteria with 
the ability to reduce nitrous oxides (Regan 
et  al., 2011). For example, Regan et al. 
(2011), by quantifying denitrifying genes 
(nirK, nirS, nosZ) in a permanent grassland 
under elevated atmospheric CO

2, showed 
that high N2O emissions under elevated CO2 
correlated with lower nosZ to nirK ratios, 
suggesting that increased N2O emissions 
under elevated CO2 might be caused by a higher 
proportion of N2O-producing, rather than 
N2O-consuming (N2-producing) denitrifiers.

From a qualitative point of view, com-
munities can be characterized either by their 
structure, i.e. assemblage of the different 
constitutive populations, or their diversity, 
i.e. the different types of organisms present. 
The genetic structure is classically deter-
mined by the molecular fingerprints of the 
communities (for review, see Ranjard et al., 
2001). Until recently, comparisons between 
studies were hampered by the great variety 
of techniques employed, and an effort of stand-
ardization was clearly required. This has 
been undertaken by national and European 
programmes (Gardi et al., 2009), such as 
those conducted in the UK ( Countryside 
Survey, http://www.countrysidesurvey.org.uk), 
in France (Network for the Measurement of 
Soil Quality, Réseau de Mesure de la Qual-
ité des Sols – RMQS, http://www.gissol.fr/
programme/rmqs/rmqs.php) and in Europe 
(EcoFINDERS, http://ecofinders.dmu.dk/).

The recent progress achieved with new 
high-throughput sequencing technologies 

http://www.countrysidesurvey.org.uk
http://ecofinders.dmu.dk/
http://www.gissol.fr/programme/rmqs/rmqs.php
http://www.gissol.fr/programme/rmqs/rmqs.php
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together with their highly significant reduc-
tion in cost (the price of high-throughput se-
quencing has fallen from US$5292 down to 
US$0.09 per DNA megabase over the past dec-
ade; http://www.genome.gov/sequencingcosts/) 
corresponds to a major technical revolution 
for the characterization of the diversity of 
soil microbial communities. More precisely, 
pyrosequencing allows several tens of thou-
sands, even hundreds of thousands, of DNA 
sequences to be obtained from a single meta-
genomic DNA. It represents, consequently, 
the most powerful method to date to quan-
tify precisely and characterize microbial 
 diversity through the identification, in a 
holistic way, of the microbial populations 
in complex environments (Roesch et al., 2007; 
Fulthorpe et al., 2008). Two complementary 
strategies can be distinguished for these 
metagenomics approaches. The first strategy 
consists of analysing all the DNA sequences 
extracted from the indigenous communities 
in a given environment by targeting either a 
gene providing particular taxonomic infor-
mation (ribosomal genes) (Terrat et al., 2012) 
or functional data (functional genes) (Philippot 
et al., 2013). The second strategy is based on 
the mass sequencing of all DNA fragments 
without targeting specific genes (sequen-
cing of all the metagenome). This approach 
is highly promising and has proved particu-
larly useful in analysing metagenomes from 
the Sargasso Sea (Dalton, 2004), an acid 
mine (Tyson et al., 2004), the digestive tube 
(Qin et al., 2010) and a soil (Vogel et al., 2009). 
However, it is time- and cost- consuming 
and still requires important bioinformatics 
developments, which limits the number of 
samples that can be analysed and conse-
quently the application of this strategy for 
ecological studies. In contrast, the first strat-
egy allows a very large number of environ-
mental situations to be examined, and thus 
appreciation of a variety of environments. 
In addition, by the targeting of a limited 
number of genes, it provides access to the 
taxonomic and functional diversities of 
communities involved in particular ecosys-
temic services. Roesch et al. (2007) used 
this strategy to characterize microbial di-
versity in four soils originating from distant 
geographical locations (USA, Canada and 

Brazil). Such studies represent the first ex-
haustive descriptions of the enormous rich-
ness of soil bacterial diversity. Fulthorpe et al. 
(2008) then produced an alternative ana-
lysis of these data, and demonstrated the 
weak similarity in community composition 
between the soils, thereby revealing that 
distantly sampled soils carried few species 
in common. These data support the hypoth-
esis that various pedoclimatic characteris-
tics, as well as land-use and soil management 
history, can lead to different indigenous 
microbial diversities. Pyrosequencing tech-
niques were also used in other investiga-
tions to decipher soil microbial diversity 
and elucidate the distribution of diversity 
within particular taxonomic groups of soil 
bacteria. Jones et al. (2009) sampled and 
characterized soils from North to South 
America (from Alaska to Patagonia) to de-
termine the influence of abiotic soil param-
eters on the abundance of Acidobacteria. 
They used this approach to define the eco-
logical attributes of the targeted groups and 
to rank the environmental parameters that 
most explained their spatial distribution. 
Limited knowledge of the taxonomic and 
functional sequences is one of the main 
blocks restricting our ability to identify new 
species or new functional genes. Although 
few studies have been published as yet, the 
scientific community is unanimous in affirm-
ing the relevance and enormous potential 
of this type of approach for characterizing 
the diversity of soil microorganisms (Christen, 
2008). Application of the methods described 
in this section on suitable samplings brings 
precious knowledge for our understanding 
of the importance of SOM as a driver of the 
microbial abundance and diversity in soil.

Organic Matter as a Support of Soil 
Biodiversity

Soil represents a highly complex and het-
erogeneous matrix. This property has strong 
repercussions on the distribution of both 
nutritive resources (Arrouays et al., 2001) 
and organisms in soil. Indeed, at the micro-
scale, soil provides a heterogeneous habitat 

http://www.genome.gov/sequencingcosts/
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for microorganisms characterized by vari-
ations in pH values, pore size and substrate 
and nutrient, water and oxygen availabil-
ities, all impacting microbial survival and 
development (Mummey et al., 2006). This 
has been highlighted by various studies based 
on direct observations (Chenu et al., 2001; 
Nunan et al., 2003), microbial biomass meas-
urements (Jocteur Monrozier et al., 1991; 
 Gestel and Merckx, 1996) and community 
structure and bacterial diversity character-
izations (Ranjard et al., 2000; Mummey et al., 
2006; Kong et al., 2011), which all evi-
denced a heterogeneous distribution of mi-
crobial communities.

At the scale of the microbial habitat, 
carbon substrates represent major drivers of 
the quantitative and qualitative distribu-
tion of microbial diversity, since they in-
duce the formation of ecological niches or 
‘hotspots’ that correspond to zones of high 
biological activity (Stotzky, 1997). Main 
carbon inputs to soil are represented by: 
(i)  the release of photosynthates by living 
plants from the roots, called rhizodeposi-
tion (Nguyen, 2003); and (ii) plant biomass 
resulting from its decay after its death. In 
both cases, the provision of organic sub-
strates to heterotrophic soil microorgan-
isms in soils which are mostly oligotrophic 
leads to a stimulation of the density and ac-
tivity of the microflora around the roots, 
corresponding to the so-called ‘rhizosphere’ 
hotspot (Hiltner, 1904), and around the 
plant residues, which corresponds to the 
‘detritusphere’ hotspot (Gaillard et al., 1999). 
The quality of these trophic niches depends 
on plant genotypes which release different 
amounts and types of rhizodeposits during 
their development (Gransee and Witten-
mayer, 2000) and in their residues after 
their death. In response to the resulting 
variations of soil organic status, microbial 
density, diversity and  activity in the hot-
spots differ during plant development and 
plant degradation compared to those in bulk 
soil (Mougel et al., 2006;  Pascault et al., 2010). 
Recently, Davinic et  al. (2012) defined soil 
aggregates as trophic niches of bacterial di-
versity, highlighting specific bacterial assem-
blages associated with the quality of organic 
matter within these soil microhabitats, 

supporting previous studies (Ranjard and 
Richaume, 2001).

On larger scales, the distribution of mi-
crobial communities has also been demon-
strated to be heterogeneous, but structured. 
The relative contribution of SOM to the 
 microbial distribution of abundance and 
 diversity varies according to the scale con-
sidered. Thus, SOM remains a major driver 
of microbial communities’ abundance and 
diversity on the scale of a farm plot (Lejon 
et al., 2007), together with soil texture (John-
son et al., 2003; Lejon et al., 2007), pH (Bååth 
and Anderson, 2003), land use (Nicolardot 
et al., 2007) and plant cover (Lejon et al., 
2005). However, on the landscape and up 
to  the country scale, the physico-chemical 
properties (mainly soil pH) and land use, 
but not SOM, constitute the main drivers of 
soil microbial communities (Dequiedt et al., 
2011). As an example, on the scale of France, 
the molecular biomass, which represents 
the microbial abundance, has been demon-
strated to vary from 5 to 15 μg of DNA g–1, 
depending on the soil. These variations were 
associated with the major soil types, and in 
particular their physico-chemical properties 
and land uses. More precisely, the molecular 
biomass values were linked positively to the 
clay and calcium (Ca) contents, pH value and 
cation exchange capacity of soils (Dequiedt 
et  al., 2011). The mean molecular biomass 
values were highest in grassland and lowest 
in orchards and vineyards, maybe because of 
the poor plant diversity observed in or-
chards and vineyards due to perennial cul-
ture of the same plant genotypes and the 
frequent absence of grass  between the rows 
in these crops. More precisely, low plant 
diversity in orchards and vineyards may 
lead to a low diversity of C substrates re-
leased into the soil, which in addition to 
the low soil covering by plant cover in 
these systems, may explain the low mean 
molecular biomass values observed. In the 
same way, analyses of the genetic struc-
ture of bacterial communities at the scale 
of France, based on Automated Ribosomal 
 Intergenic Spacer Analysis (A- RISA) finger-
printing, showed that the distribution of 
microbial diversity was also heterogeneous 
but spatially structured (Dequiedt et al., 2009). 
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This distribution was again affected by soil 
type (physico-chemical characteristics, espe-
cially pH) and land use, but SOM repre-
sented a minor driver on this scale. The 
major influence of pH, on the  distribution of 
the structure and diversity of microbial com-
munities on large spatial scales, has also been 
demonstrated by analogous studies in the UK 
(Griffiths et al., 2011) and USA (Fierer and 
Jackson, 2006; Jones et al., 2009).

Linking Soil Microbial Diversity 
to Soil Processes

The question of the link between diversity 
and ecosystem functioning, fundamental in 
functional ecology, has, historically and up 
to now, been addressed mainly by ecologists 
studying macroorganisms, and particularly 
plants, through experimentations involv-
ing manipulation of diversity (taxonomic 
diversity or diversity of functional groups) 
( Balvanera et al., 2006). First studies were 
reported in 1843, represented by the experi-
mentation set up on the English experimen-
tal station located at Rothamsted (Lawes 
et al., 1882). This long history explains the 
abundant literature available on this topic 
at present. These different works were able 
to instigate a very rich theoretical and con-
ceptual framework (i.e. ecological insurance, 
complementarities between niches, functional 
redundancy), allowing a better understand-
ing of how biodiversity could influence eco-
system functioning (Loreau, 2000). In spite 
of sometimes contradictory results, it is glo-
bally clear that plant diversity has positive 
effects on ecosystem functioning, perform-
ance and stability, and thereby their cap-
acity to provide ecosystem services (Naeem 
and Li, 1997; Tilman et al., 1997).

Regarding microorganisms, this ques-
tion remains open, since very few studies 
have really examined this aspect. As a 
consequence, the microbial component of 
soil is still roughly taken into account in 
mathematical models designed to predict 
the fate of major elements in the environ-
ment ( Ingwersen et al., 2008). Indigenous 
 microbial communities are considered in 

these models as a functional ‘black box’, 
with a very high level of functional redun-
dancy. As a result, only the size of the 
microbiota (biomass), but not the diversity 
or the composition of this pool, is integrated 
into such models. Until recently, two main 
reasons were put forward to justify this 
pragmatic approach: (i) these ‘black box’ 
models were able to provide accurate simu-
lations of SOM dynamics for a variety of 
land uses with a minimal set of parameters; 
and (ii) understanding of the diversity of the 
microbial communities involved in ecosys-
tem processes had been restricted, mainly 
because of methodological limitations.

Thanks to progress in modelling and 
new methods in molecular microbial ecology 
(see above), these reasons are no longer justi-
fied. Recent works on modelling the priming 
effect (i.e. the increase in soil organic C min-
eralization following the input of a fresh or-
ganic C compound) suggest that the density 
of microbial communities, together with 
the competition between different microbial 
functional groups, may control the rate of 
mineralization of native SOM (Fontaine and 
Barot, 2005; Neill and Gignoux, 2006). These 
theoretical studies have confirmed that mi-
crobial diversity plays a crucial functional 
role in organic matter turnover in soil, and 
clearly suggest that this parameter must 
be included in the models. They have also 
 evidenced the need for an empirical demon-
stration of the functional role of microbial 
diversity in ecosystem processes.

Experiments performed on the grassland 
systems of Jasper Ridge (California, USA) by 
Horz et al. (2004) showed that modifications 
of the diversity of the nitrating community in 
soil in response to global changes (increased 
atmospheric CO

2, temperature, nitrogen (N) 
deposition and soil moisture) could lead to an 
increase in nitrification, thereby illustrating 
that microbial diversity plays an important 
role in the nitrogen cycle. This is in agreement 
with Philippot et al. (2013), who recently 
demonstrated that a reduction of the diver-
sity of the denitrifying community strongly 
decreased N2O emission from soil.

In contrast, studies to date on the in-
volvement of microbial diversity in the  carbon 
cycle have not provided clear evidence to 
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support such a link (Griffiths et al., 2000; 
Wertz et al., 2006), even if it has been sug-
gested in some studies (Zogg et al., 1997; 
Adrén et al., 1999; Strickland et al., 2009). 
One reason often proposed is that, within the 
soil microbial community, the decomposition 
of organic matter in soil would be a highly 
redundant function. However, analysis of 
the  enzymatic capacities required for SOM 
degradation has highlighted the non- uniform 
 distribution of these capacities within the soil 
microbial component. In particular, those 
 involved in the final degradation steps are 
carried by only a small subset of the soil mi-
crobial community (Hu and van Bruggen, 
1997; Schimel and Gulledge, 1998). This 
could explain the successions of microbial 
populations observed during the degradation 
of plant residues added to soil (Bernard et al., 
2007; Nicolardot et al., 2007; Pascault et al., 
2010), suggesting that different populations 
are required for the different steps of SOM 
 decomposition.

In agreement with this hypothesis, Bell 
et al. (2005) and Liebich et al. (2007) showed 
that microbial diversity was playing a major 
role in the degradation of plant residues. 
However, these studies were based on the 
use of consortia of microbial species that had 
previously been isolated on culture media, 
which therefore induced a strong selective 
bias (only 1–10% of soil microorganisms 
can be cultured) and consequently precluded 
the possibility of considering the  resulting 
microbial consortium as representative of 
the indigenous communities (Griffiths et al., 
2001). To overcome this bias, Baumann et al. 
(2012) developed an experimental strategy 
relying on creating a diversity gradient by 
inoculating sterile soil microcosms with 
different dilutions of a soil suspension. This 
strategy allowed the characterization of SOM 
degradation along a microbial diversity 
 gradient under controlled laboratory condi-
tions. The microbial consortia that developed 
in the corresponding microcosms contained 
several hundreds of different populations, 
even for the less diverse treatment. Results 
obtained clearly demonstrated that micro-
bial diversity altered bulk chemical structure 
and the decomposition of plant litter sugars, 
and influenced the microbial oxidation of 

particular lignin compounds, thus changing 
SOM composition.

Regarding the importance of the C cycle 
for ecosystem dynamics, and the contra-
dictory results of the insufficiently numer-
ous studies available in the literature, it 
appears that further investigation and new 
fundamental studies need to be carried out 
to elucidate more the role of microbial di-
versity in C transformations in soil. In con-
trast to earlier investigations on this topic, 
methodological developments offer a unique 
opportunity to decipher relations between 
the C cycle and active microbial populations. 
As an example, the recently developed 
DNA stable-isotope probing (DNA-SIP) method 
 allows specific characterization of the com-
munities actively involved in the decom-
position of C substrates labelled with stable 
isotopes (e.g.13C) (Neufeld et al., 2006;  Bernard 
et al., 2007; Chen and Murrell, 2010). An-
other advantage of using labelled compounds 
is the possibility to monitor not only mineral-
ization of the labelled C substrate but also that 
of native SOM at the same time as the dynam-
ics of the degrading communities responsible 
for the decomposition of each C pool. It thus 
provides an opportunity to evaluate the im-
portance of microbial diversity in ecosystem 
processes such as the priming effect that 
may play an important role in soil carbon 
balance (Fontaine et al., 2003;  Bernard et al., 
2007; Kuzyakov, 2010; Pascault et al., 2013). 
Use of such methods, including for manipu-
lating microbial diversity, may constitute a 
decisive step towards experimental demon-
stration of the functional significance of micro-
bial diversity in C cycling in soil.

Nevertheless, extrapolation of the con-
clusions derived from investigations per-
formed under simplified controlled conditions 
will obviously be limited, and results will 
need to be generally applicable in order to ac-
quire a truly predictive dimension. A promis-
ing complementary strategy to achieve this 
goal in future will be to combine the power-
ful and robust tools used to characterize mi-
crobial biodiversity (i.e. pyrosequencing of 
ribosomal genes from soil samples) and 
functioning, with extensive sampling on a 
massive spatial scale (landscape, region, 
country or continent). With such a strategy, it 
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should be possible to establish: (i) a statis-
tical link between the different parameters 
of soil microbial diversity (i.e. synthetic 
 diversity index/species richness/evenness) 
and the intensity of the microbial processes 
involved in the major biogeochemical cycles, 
this being a prerequisite to determining the 
importance of microbial diversity in the 
provision of ecosystem services by the soil 
environment; and (ii) the relative import-
ance of the environmental filters controlling 
the functionality of soil microbial commu-
nities. Large-scale sampling, as in national 
soil survey networks, offers unique oppor-
tunities to implement this strategy (Gardi 
et al., 2009).

Conclusions

Organic matter is essential for soil proper-
ties and functioning. It contributes to soil 
aggregation, structure stability and porosity 
(Duchicela et al., 2012). These impact water 
regulation, and therefore plant productivity. 
More generally, organic matter supports life 
in soils, since most soilborne organisms are 
heterotrophic. Their activities lead to the 
decomposition and mineralization of SOM, 
making nutrients available to plants and 
again contributing to primary productivity. 
Studies reported in this chapter report that 
the rate of SOM mineralization is promoted 

when biodiversity increases, which there-
fore would be expected to be favourable to 
plant productivity (Baumann et al., 2012). 
However, a possible trade-off has to be con-
sidered. Indeed, the enhancement of SOM 
mineralization contributes to decreasing 
soil C stock and increasing CO2 emission, 
when C storage in soils represents a major 
issue in the context of global change. In con-
trast, decreased SOM mineralization would 
be favourable to C storage and would con-
tribute to decreased CO2 emission, which 
would favour the control of global change. 
However, as indicated above, this would 
impair plant productivity and therefore the 
incorporation of organic matter from pri-
mary production, and thus would decrease 
C storage in soils. Thus, proper agroecologi-
cal practices have to be developed in order 
to minimize these trade-offs by monitoring 
soil biodiversity. One of them, proposed by 
Fontaine et al. (2011), would be to modulate 
organic mineralization to match the nutri-
tional requirement of the plants in order to 
avoid the flush of mineralization which 
would lead to C loss and possible leaching 
of N. Further research needs to be carried 
out in order to test hypotheses on the rela-
tions between soil biodiversity and func-
tioning with regards to the C status in soil. 
This research represents a major challenge 
not only in microbial ecology but also in 
agroecology in the context of global change.
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Abstract
Water is filtered while passing through soil, and soil organic carbon plays an important role in water 
purification through the retention of organic and inorganic pollutants. But no filter lasts forever, and 
no matter how strongly pollutants adsorb to soil organic matter, they will not be retained indefinitely 
and will eventually break through organic carbon-rich soil horizons and may reach the groundwater. 
Therefore, the organic pollutant biodegradation in soil by microorganisms is a most important comple-
mentary process to pollutant retention by sorption. Soil organic carbon also shapes soil microbial 
communities and activities as an important substrate and habitat, and forms the metabolic capabilities 
and activities leading to pollutant breakdown in soils. If released into soil pore water, dissolved or 
colloidal organic matter may cause problems for drinking water supply as a carrier of associated pol-
lutants, by giving taste, odour or colour to water and through the formation of disinfection by-products. 
Furthermore, the release of dissolved organic carbon from soils may lead to oxygen depletion in seep-
age water and subsequent mobilization of metals.
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Introduction

Soils are the most important buffer and filter 
for water. Water tends to get cleaned and fil-
tered while passing through soil. When 
comparing different raw water sources as 
potential intakes for drinking water treat-
ment and supply purposes, groundwater 
usually provides the better raw water qual-
ity than surface water in terms of colour, tur-
bidity and counts of coliform bacteria. The 
soil’s water purification capacity depends 
on dissolved contaminant sorption by soil 

particles, the entrapment of suspended par-
ticles, including bacteria and viruses in the 
soil’s pore space and the mineralization of 
biodegradable matter by soil microorgan-
isms. Soil organic carbon is an important 
sorbent matrix for dissolved water contam-
inants, and also an important substrate for 
soil biota and a soil habitat-shaping factor. It 
is thus an important determinant of a soil’s 
water filtration capacity. The release of soil 
organic matter into soil pore water may, 
however, also complicate drinking water 
treatment or mobilize pollutants.

mailto:david.werner@ncl.ac.uk
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Water Filtration

The role of soil organic carbon in the 
sorption and retention of pollutants

Soils are the most important filters for rain-
water on its way down to groundwater. 
 Almost all drinking waters at some point 
have been filtered by soils. The organic pol-
lutant retention capacity of soils typically 
increases with organic carbon content, and 
organic carbon normalized sorption coeffi-
cients play an important role in predicting 
the organic pollutant fate. Soil organic mat-
ter also contains functional groups such as 
carboxyl, hydroxyl and amine groups, which, 
depending on pH, may contribute substan-
tially to the soil cation exchange capacity, 
and thus the retention of cationic inorganic 
pollutants. Increased soil organic carbon 
contents are thus beneficial for the purifica-
tion of seepage water and the retention not 
only of, for example, pesticides in agricul-
ture (Werner et  al., 2013) but also of the 
many compounds from urban space or at-
mospheric pollution.

Soil organic matter comes in various 
forms (Plate 8) that interact distinctly with 
contaminants (Grathwohl, 1990). More ma-
ture, thermally altered forms of organic car-
bon such as coals, or combustion-derived 
carbon such as charcoals and soot adsorb 
hydrophobic organic chemicals much more 
strongly than normal soil organic matter. 
On the other hand, more mature, thermally 
altered forms of organic carbon tend to have 
lower elemental oxygen-to-carbon ratios, 
and hence a lower abundance of functional 
groups. The extreme heterogeneity in terms 
of the nature of particulate organic matter in 
soils is largely unknown, although fluores-
cence microscopy techniques exist to iden-
tify and quantify a large variety of organic 
matter and black carbon particles (Ligouis 
et al., 2005) (some examples are shown in 
Plate 8). These different types of organic mat-
ter particles in soils have different sorption 
characteristics that depend on organic mat-
ter facies (Kleineidam et al., 1999; Karapa-
nagioti et al., 2000). Thermally altered organic 
matter (e.g. kerogens, coals, chars) contains 

micropores, which strongly adsorb hydro-
phobic organic compounds already at low 
concentrations (Kleineidam et  al., 2002). 
With the suggested application of biochars 
in agricultural soils, consideration of carbon- 
type specific contaminant sorption becomes 
ever more relevant (Bushnaf et  al., 2011; 
Khan et al., 2013). Urban soils, but also soils 
in flood plains of industrial countries, also 
contain various forms of tars, coke, chars 
and soot, for example from sealcoats, coal-
based steel and electric power production, 
which are highly loaded with polycyclic 
aromatic hydrocarbons (Yang et  al., 2008, 
2010). How stable these different forms of 
carbon are in soils and whether carbon- 
sorbed contaminants would eventually be 
released is unclear. ‘Normal’ soil organic 
matter derived from modern plant residues 
may be much less stable than the thermally 
altered form, and degradation of organic 
carbon may lead to water-soluble fractions 
of organic carbon.

The water purification capacity of soils 
has come under increasing pressure since 
the industrial and agricultural revolution. 
In industrial soils, organic carbon of natural 
or anthropogenic origin was frequently loaded 
with legacy contaminants, to such an extent 
that soils became a long-lasting secondary 
source of pollution of seepage water or air. 
Similarly, rural soils have been, and still are, 
sinks for atmospheric pollutants or pesti-
cides, and may become sources in the future. 
Whether or not soil pollutants finally end up 
in groundwater depends on the pollution at-
tenuation by sorption and biodegradation. 
Both processes are crucially influenced by 
soil organic carbon. This applies especially 
for organic compounds, but also for many 
inorganic species.

Combined Effects of Sorption and 
Biodegradation on Water Filtration

Contaminant sorption by soil organic car-
bon is beneficial in the short term, as it re-
moves pollutants from seepage water, and 
may reduce toxic effects significantly by 
reducing the contaminant availability for 
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bio-uptake. This reduction in bioavailabil-
ity, however, also slows down biodegrad-
ation, which leads to increased persistence 
of organic compounds, especially in top-
soils. The effect of sorption on the kinetics 
of biodegradation and advective pollutant 
transport in infiltrating soil pore water can 
be derived from a simple mass balance 
equation that assumes the aqueous concen-
tration as the rate-limiting factor for biodeg-
radation (first-order kinetics):
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q (−) and r (g cm−3) represent the volumetric 
water content and the dry bulk density in 
soil. Cw (g cm−3) is the pollutant concentra-
tion in soil pore water, and Cs (g g−1) the pol-
lutant concentration associated with the 
solid soil matrix. The parameter l is the 
first-order rate constant for biodegradation 
(s−1), uz (cm s−1) is the soil pore water flow 
velocity in the z direction, and z (cm) is the 
vertical distance from the soil surface to-
wards the groundwater table, t (s) the time. 
Assuming local equilibrium conditions be-
tween soil and aqueous concentrations 
characterized by a distribution coefficient 
Kd (= Cs/Cw) [cm3 g−1] results in: 
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Thus, the term 1+( )Kd
r
q  slows down the or-

ganic pollutant biodegradation and also ad-
vective pollutant transport. In this model, 
rates are slowed down by sorption (i.e. Kd), 
but also depend on the solid-to-liquid ratio 
(here: r/q), i.e. decrease with decreasing 
water content. For many organic pollutants, 
the magnitude of Kd increases with soil or-
ganic matter content. Therefore, water con-
tents and organic matter may be major 
reasons for the persistence and retention of 
strongly hydrophobic organic pollutants by 
organic matter in soils.

In terms of the soil’s water filtration 
capacity, the most important long-term con-
sideration is the attenuation of pollution 
over a certain distance (i.e. between the soil 
surface and the groundwater table). If one 

assumes, as above, that adsorbed pollutants 
are not only immobile but also inaccessible 
to soil microorganisms, and describes the 
removal of water-dissolved, mobile pollu-
tants by first-order rate biodegradation kin-
etics, then the sorption will have no net 
long-term benefit in terms of pollutant at-
tenuation during soil passage. This can, for 
instance, be seen, by considering a hypo-
thetical scenario with a fixed, constant pol-
lutant concentration in soil pore water, Cw,top 
(g cm−3), at the soil–atmosphere interface 
and a constant pore-water flow velocity, uz. 
For this hypothetical scenario, the pollutant 
concentration in soil pore water will tend 
towards a steady state (dCw/dt = 0), in which 
the concentration profile no longer changes 
with time but is simply a function of dis-
tance from the soil surface, described by the 
following exponential decay: 
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The exponential decay of the pollutant 
 concentration with increasing downward 
distance from the soil surface can be inter-
preted as a measure for the sustainable, 
long-term pollutant attenuation in soil. The 
sustainable pollution attenuation depends 
on the ratio between the first-order biodeg-
radation rate, l, and the soil pore-water flow 
velocity, uz, but not on the model parameter, 
Kd, which accounts for the pollutant sorp-
tion. Enhanced sorption will delay the mi-
gration of the pollutant, and hence the time 
needed for the system to reach the steady 
state described by Eqn 12.3. Equally, sorp-
tion would delay the disappearance of the 
pollutant from the soil once concentrations 
at the soil surface return to zero. If we as-
sume that sorbed pollutants are inaccessible 
to soil microorganisms, then the water- 
filtration benefits of pollutant sorption by 
soil organic carbon will be only temporary. 
Sorption initially reduces pollutant leach-
ing when soil is freshly exposed to a new 
source of contamination, but this apparent 
benefit is annulled by the disadvantage of 
prolonged pollutant leaching once the con-
tamination input has ceased. This analysis 
is only valid for the model assumptions out-
lined above, which paint a rather simple 
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picture of the interactions between pollutants, 
the soil matrix and soil microorganisms. 
Soil organic carbon affects the pollutant fate, 
not only as a sorbent matrix (i.e. via Kd) but 
also indirectly through its profound effects 
on soil microorganisms, and hence the bio-
degradation term in Eqn 12.1.

The Role of Soil Organic  
Carbon in the Biodegradation  

of Organic Pollutants

If water purification relied on pollutant 
sorption by organic matter in soil only, it 
could not be effective. No filter lasts forever, 
and no matter how strongly pollutants  adsorb 
to soil organic matter, they will not be re-
tained indefinitely and will eventually break 
through organic carbon-rich soil horizons 
and leach into surface water and ground-
water. Hence, the pollutant breakdown by 
soil organisms is a critical complementary 
component of long-term sustainable water 
purification in soil. Soil organic carbon ef-
fects on the organic pollutant biodegradation 
process can be synergistic or antagonistic. 
Many soil microorganisms subsist on plant 
organic matter such as leaf litter or root ex-
udates and live in the root zone, which is 
also the organic matter-rich topsoil layer. 
Much of the soil organic carbon is humified 
and poorly biodegradable, but soil organic 
carbon content nevertheless correlates with 
the abundance and activity of soil microbes 
(Schnürer et al., 1985; Ritz et al., 2004), and 
microbial carbon may contribute several per 
cent of total organic carbon in soil (Ananyeva 
et al., 2008). To what extent natural organic 
carbon mineralization may stimulate directly 
or indirectly the biodegradation of xenobiotic 
organic compounds depends on which mech-
anism controls the microbial breakdown of 
pollutants.

Metabolic capability

Capability to biodegrade xenobiotic organic 
compounds is indispensable for their break-
down by soil microbial communities. Soil 

organic carbon is a key factor in shaping this 
capability. A diverse array of catabolic en-
zymes has been developed through the evo-
lutionary adaptation of soil microorganisms 
to the diversity of complex natural organic 
molecules present in soil organic matter, 
and many of these microbial enzymes are 
perfectly suited to metabolizing structurally 
related xenobiotic compounds (Singer et al., 
2003). Furthermore, existing genes coding 
for enzymes involved in natural organic mat-
ter biodegradation may provide suitable tem-
plates for the evolution of novel genes involved 
in xenobiotic compound biodegradation. 
For instance, the microbial biodegradation 
of xenobiotic s-triazine ring compounds, a 
class which includes many pesticides, dyes 
and explosives, is related to the metabolism 
of pyrimidine and purine rings, which are 
structural components of essential biomol-
ecules such as deoxyribonucleic acid (DNA) 
and ribonucleic acid (RNA), adenosine tri-
phosphate (ATP) and nicotinamide adenine 
dinucleotide (NAD) (Wackett et al., 2002).

Co-metabolism versus substrate– 
substrate inhibition

Co-metabolism refers to the ability of micro-
organisms to biodegrade a xenobiotic com-
pound together with co-substrates that may 
occur naturally and at much higher con-
centration in soil. Co-metabolism can be 
 explained by non-specific enzymes which 
transform a wide range of different organic 
compounds. For instance, extracellularly ex-
creted peroxidases and laccases involved in 
the oxidation of lignin also enable lignino-
lytic fungi to biodegrade polycyclic aromatic 
hydrocarbons (Bamforth and Singleton, 2005). 
Monooxygenases and dioxygenases play an 
important role in the removal of both natural 
and xenobiotic organic compounds (Bamforth 
and Singleton, 2005; Meynet et al., 2012). Co- 
metabolism enables the biodegradation of 
xenobiotic organic compounds present at very 
low concentrations, since microorganisms may 
use the co-substrate(s) to meet their carbon 
and energy needs. Since soil  organic matter 
is a rich source of potential co-substrates, 
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it facilitates the co-metabolic biodegradation 
of xenobiotic organic compounds. Indeed, the 
addition of organic carbon-rich substrates to 
contaminated soils is used as a bioremedi-
ation strategy to stimulate microbial activity 
and facilitate the co-metabolic removal of 
pollutants (Wagner and Zablotowicz, 1997).

Some versatile degraders of xenobiotic 
organic compounds, for instance Pseudo-
monas putida strains, are known to regulate 
the expression of their degradation path-
ways in response to substrate availability 
(Rojo, 2010), and also to maintain the carbon– 
nitrogen balance (Amador et  al., 2010). For 
instance, expression of the genes of the al-
kane degradation pathway encoded in the 
P. putida octane (OCT) plasmid are subject to 
negative and dominant global control, depend-
ing on the carbon source used and on the 
physiological status of the cell (Dinamarca 
et al., 2002). Effective regulation of metabolic 
pathways in response to carbon substrate 
availability and carbon–nitrogen ratios will 
increase the competitiveness of the micro-
organisms that can grow on their preferred 
substrate. Substrate–substrate inhibition 
refers to the situation where expression of 
the metabolic pathway leading to the break-
down of one substrate, for instance a xeno-
biotic compound, is inhibited in the pres-
ence of another, more preferred substrate, 
for instance more readily biodegradable 
natural organic compounds. This provides 
a potential mechanism by which the pres-
ence of soil organic matter could impede 
the biodegradation of xenobiotic compounds 
in soil.

Redox conditions

Redox conditions define the thermodynamic 
landscape of xenobiotic compound biodeg-
radation in soils. While most xenobiotic 
compounds are biodegraded most rapidly by 
aerobic microorganisms using oxygen as their 
ultimate electron acceptor, some important 
classes of xenobiotic compounds are trans-
formed more effectively under anaerobic 
conditions. For instance, reductive dechlor-
ination is often an important first step in the 

metabolism of persistent, heavily chlorin-
ated pesticides, and many nitro- aromatic 
compounds are susceptible to nitro reduc-
tion under anaerobic conditions. Inorganic 
pollutant speciation will also  depend on the 
prevailing redox conditions. Because it is 
the most abundant organic substrate in soil, 
the decomposition of natural organic matter 
will set the soil redox conditions.  Especially 
in very wet conditions and waterlogged 
soils, the available oxygen in soil pore water 
may be consumed rapidly by natural or-
ganic matter decomposition, which results 
in anaerobic conditions and the accumu-
lation of partially decomposed natural or-
ganic matter in organic carbon-rich soils 
such as peat.

Nutrient availability

An adequate supply of essential nutrients is 
important for the biodegradation of xeno-
biotic organic compounds in soil (Atlas and 
Philp, 2005). Microbial degradation of soil 
organic matter releases nutrients into soil 
solution, which can then potentially support 
the growth of xenobiotic compound- degrading 
bacteria. Soil organic matter decomposition 
releases nitrogen, phosphorus, potassium, 
calcium, magnesium and other essential 
growth elements assimilated (Tian et  al., 
1992). Organic matter also contributes to the 
cation exchange capacity of soils, and thus 
it helps with the retention of positively 
charged inorganic nutrients released by the 
decomposition of biomolecules. Soil organic 
matter decomposition also releases chelat-
ing organic chemicals into soil solution, 
which may enhance the solubility and bio-
availability of essential micronutrients such 
as copper, iron, manganese and zinc, which 
is particularly important in alkaline soils. 
Dissolved organic matter may also prevent 
phosphate precipitation.

Xenobiotic compound availability

As outlined above, soil organic matter is an 
important sorbent matrix for xenobiotic 
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compounds. While association with the 
 organic matter within soil aggregates reduces 
the mobility and toxicity of xenobiotic com-
pounds (Luthy et al., 1997), sorption may 
also reduce the xenobiotic compound’s ac-
cessibility to pollutant-degrading micro-
organisms. Experimental evidence shows 
that organic soil amendments reduce the 
aerobic mineralization of xenobiotic com-
pounds by reducing their readily bioacces-
sible concentrations in soil (Marchal et al., 
2013), but soil organic matter bound com-
pounds apparently remain to some extent 
susceptible to microbial breakdown (Yang 
et  al., 2012). If soil organic matter bound 
compounds remain susceptible to biodegrad-
ation, the benefits of the pollutant retention 
and subsequent breakdown of immobilized 
pollutants would be lasting.

Generation of Colloidal and  
Dissolved Organic Carbon

Soil organic carbon has many benefits for 
water filtration, as outlined above, but the 
dissolution of smaller and more polar natural 
organic molecules into water, for instance 
the release of fulvic and humic acids by organic 
carbon-rich soils, can also create problems 
for water supply. Dissolved organic carbon 

facilitates the transport of metals and hydro-
phobic organic pollutants in surface water 
and groundwater, and may thus enable 
entry of these pollutants into reservoirs and 
aquifers used for water supply. High con-
tents of naturally dissolved organic carbon 
give colour to water (see Plate 9), which is 
aesthetically undesirable in water used for 
consumption and may also add unpleasant 
tastes and odours. Dissolved organic carbon 
is a growth substrate for microorganisms, 
and it may cause high cell counts and bio-
fouling problems in drinking water treat-
ment facilities, for instance the clogging of 
filters and membranes. Natural dissolved or-
ganic matter is also an important precursor 
for the formation of undesirable by- products 
from water disinfection; for instance, the 
formation of trihalomethanes if chlorination 
is used. Dissolved organic matter is not re-
leased continuously into seepage water, but 
depends on the ‘pre-history’ of the soil. 
Freezing/thawing events, snow melts/floods 
in winter have been observed to release peak 
concentrations of dissolved organic matter 
that is often associated with the transport 
of pollutants. Furthermore, the digging of 
trenches for laying cables to wind farms 
through organic carbon-rich soil is specu-
lated to have led to increased dissolved or-
ganic matter leaching into surface waters 
and drinking water reservoirs.
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Abstract
Wind erosion is an important process of both progressive and regressive pedogenesis in arid and 
semi-arid environments around the world. In semi-arid regions, which are influenced by carbon-poor 
dust depositions from deserts, the properties as a sink area should be maintained to enable C enrich-
ment by continued soil formation. On agricultural land, wind erosion is a soil-degrading process, re-
sulting mainly from the very effective sorting processes. Coarse particles remain in the field, whereas 
the finest and most valuable parts of the soil get lost, like particles of the silt and clay fractions and soil 
organic matter. The latter is not regarded in most carbon balances, although this particulate loss can 
reach considerable amounts. The processes of wind erosion are subject to a great spatial and temporal 
variability, making its quantification difficult. In this chapter, we expose wind erosion in the context 
of its influence on soil organic carbon and prove considerable losses by first measurements.

13 Wind Erosion of Agricultural Soils 
and the Carbon Cycle

 Daniel E. Buschiazzo* and Roger Funk
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Introduction

Wind erosion is an important process of 
both progressive and regressive pedogen-
esis in arid and semi-arid environments 
around the world. Soils, which have been 
formed by aeolian processes over centuries, 
are now endangered to be destroyed by the 
same processes within a short time. Associ-
ated dust emissions influence physical and 
chemical processes in the atmosphere, have 
negative effects on air quality and affect 
other ecosystems far away from the source 
areas. About 2000 Mt dust are emitted each 
year into the atmosphere, of which three- 
quarters are deposited on land surfaces and 

one-quarter on the oceans (Shao et al., 2011). 
Dust depositions may have an important 
role in the nutrient cycle of natural ecosys-
tems or low-input agriculture, as shown from 
the Amazonas forests (Swap et al., 1992; 
 Kaufman et al., 2005; Koren et al., 2006) and the 
Sudan–Sahelian zone (Jahn, 1995; Herrmann, 
1996; Stahr et al., 1996; Goudie and Middleton, 
2001). Dust depositions on the oceans acti-
vate phytoplankton growth, which has a 
direct impact on the global carbon cycle and 
on carbon sequestration as well, as stated by 
the ‘iron hypothesis’ of Martin and Fitzwater 
(1988) and the ‘silica hypothesis’ of Harrison 
(2000). Consequently, there is a close rela-
tionship between the cycles of dust,  carbon 
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and energy in the global context (Shao 
et al., 2011). In longer timescales, dust also 
has modifying influences on the climate 
(Martínez-Garzia et al., 2011). Deserts are the 
major global source of dust, but also the sur-
rounding semi-arid steppe ecosystems have 
changed in the last decades from former 
sinks into substantial source regions. Causes 
have always been inappropriate land use such 
as the destruction of vegetation by overgrazing 
or the conversion from grazing land to crop-
land. Because steppe soils represent one of 
the largest carbon stocks, its degradation and 
the loss of this area as a sink have a signifi-
cant influence on the global carbon balance.

On agricultural land, wind erosion is a 
soil-degrading process, but quantitative data 
are rather approximate estimates. Heavy sand 
and dust storms attract attention by disturb-
ing the public once in a while, but in general, 
the processes mostly happen unnoticed. 
Chepil (1960) has already pointed out that 
annual average soil losses of up to 40 t ha–1 
are possible without any visible indications 
of soil movement. Wind erosion has been 
recognized as a gradual soil- degradation pro-
cess, which removes predominantly the fin-
est and most valuable particles of a soil, 
such as silt and clay particles, as well as the 
soil organic matter. In addition to the creep-
ing degradation, single wind-erosion events 
may result in soil losses of more than 100 t ha−1 
and cause considerable on-site and off-site 
damages (Funk et al., 2004; Goossens and 
Riksen, 2004; Hoffmann et al., 2011). In the 
last decades, the spatial extent of wind ero-
sion has increased, caused mainly by changes 
of agricultural land use and inappropriate 
farming practices. Increasing demands on 
food production have expanded arable land 
use to marginal sites such as natural grass-
land or forest. Some more factors favouring 
wind erosion on arable land are:

	•	 A	higher	level	of	mechanization	has	led	
to larger fields and, in return, to the re-
moval of hedges and other landscape 
structures.

	•	 The	drainage	of	arable	land	causes	faster	
drying of the soil surface, resulting in 
 organic matter decomposition and de-
creasing soil aggregate stability.

	•	 Overgrazing	 is	 a	 significant	 causative	
factor in the semi-arid regions, where 
no other type of land use is possible 
(Frielinghaus and Schmidt, 1993; van 
Lynden, 1995; Riksen et al., 2003; 
 Hoffmann et al., 2008a).

Wind erosion has been regarded mainly as a 
soil-removing process, but also soil- particle 
sorting, long-distance nutrient transport, fer-
tilizing aquatic and terrestrial ecosystems 
far away from the origin or the increase of 
soil heterogeneity are parts of the problem, 
with local to global consequences on soil 
properties and the carbon cycle as well. 
 Erosion and deposition processes both take 
place on large areas and are therefore diffi-
cult to identify. In contrast to water erosion, 
where the eroded material follows deter-
mined paths, wind-eroded material is widely 
dispersed over the landscape. These direct 
and indirect effects are difficult to evaluate 
entirely and the current ongoing debate is 
whether soils, affected by erosion, act as a 
source or a sink for carbon. In agricultural 
soils, organic carbon is concentrated in the 
top layer (0–30 cm) and therefore vulnerable 
to wind erosion in its particulate form (par-
ticulate organic matter: POM) because of 
its lower density compared to the mineral 
particles (Lal, 2003). Cultivated organic soils 
are most susceptible to erosion and to mas-
sive decomposition processes. Mineral soils 
cover the wide range from high-erodible 
sandy soils to non-erodible loam and clay 
soils. The erodibility of a soil is attributed 
mainly to the texture and organic matter 
content, which in turn influence the water- 
holding capacity and the ability of the soil to 
produce aggregates or crusts (Chepil and 
Woodruff, 1961). In general, sandy soils are 
highly erodible because they dry quickly, 
form only a few, weak aggregates and con-
tain a great part of particles in the most 
erodible fraction of 80–200 μm in diameter. 
Loamy soils are more resistant against wind 
erosion but have a greater potential for dust 
production (particles <60 μm) if they erode.

Due to the low net primary production of 
most regions affected by wind erosion, re-
moved carbon (C) can be regarded as an irre-
trievable loss at the eroded site (Yan et al., 2005). 
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Even at the landscape scale, C losses by 
wind erosion are not balanced, because 
sorting effects cause the transport of the 
finer and lighter fractions over long distances 
and its deposition at much larger areas than 
the eroded sites. Buschiazzo et  al. (1991) 
found that the organic carbon contents of 
cultivated soils were significantly different 
from those of virgin soils and the A-horizon’s 
thickness decreased on average by 7 cm. Car-
bon losses of 33–57% of the original soil 
were measured by Zach et al. (2006) within 
12–18 years of continuous cultivation. The 
aggregate size distribution, as well as the par-
ticle composition, is also affected by land use. 
Aggregates are destroyed by tillage, and fine 
particles are blown out by wind erosion, 
which lowers the carbon and nitrogen con-
tents in soils (Mendez et al., 2006). Concomi-
tant reduction in aggregate stability might 
further lead to a positive feedback for wind 
erosion by increasing the soil erodibility.

Difficulties arise from balancing the 
contribution of wind erosion to other soil 
organic carbon (SOC)-reducing processes. 
The easiest way is to trap and analyse the 
eroded material directly at the field and to 
calculate the soil and SOC losses. The two 
most popular systems to sample aeolian 
sediment are the so-called Big Spring num-
ber height (BSNE; Fryrear, 1986) and the 
modified Wilson and Cook samplers 
(MWAC; Kuntze et al., 1990). Both sam-
plers are highly effective to quantify wind 
erosion in the field (Mendez et al., 2011). 
For balancing soil losses or gains on a meas-
uring field of about 1 ha, a certain number 
of samplers are needed. Sterk and Stein 
(1997) used 21  samplers on a field of 
0.24 ha, Funk et al. (2004) 15 samplers on 
2.25 ha and Visser et al. (2004) 17 samplers 
on a 1.6 ha field in regular and irregular 
grids. This sampler density is necessary to 
derive important sediment transportation 
parameters as a function of the distance, 
like the vertical flux density, the particle 
composition and the SOC content, and to 
calculate the final soil loss (Funk et al., 
2004). Based on 15 years of wind erosion 
measurements on sandy soils (SOC 0.9%) 
in north- eastern Germany, Funk (2013, un-
published) calculated an average SOC loss 

of 117 kg ha−1. This is far above the limit 
value of 75 kg ha−1 according to good man-
agement practice in the ‘Cross Compliance’ 
regulations of the EU (EU, 2009).

The nutrient content of the emitted 
dust is greater than the original soil, with 
significantly higher available phosphorus (P), 
nitrogen (N) and organic matter contents 
(Ramsperger et al., 1998; Hoffmann et al., 
2008a). Buschiazzo et al. (2007) have meas-
ured enrichment ratios of 2–5 for N and of 
1.5–8 for P for dust transported at heights of 
0.13 and 1.5 m, respectively. Funk (1995) 
estimated an enrichment ratio of about 8 for 
the SOC content of eroded soil material 
from a sandy soil, measured at heights of 
1 and 6 m. Measurements in Niger by Sterk 
et al. (1996) showed 17× higher contents of 
potassium (K), C, N and P in the dust, 
trapped at a height of 2 m, compared to the 
topsoil. The remaining sediments on the 
eroded field or at its leeward boundary have 
a distinctly lower content of nutrients and 
SOC, easily detectable by the much lighter 
colour.

Additional information on the effect of 
wind erosion on SOC stocks is available 
from indirect measurements, but methods 
balancing the SOC stocks and turnover 
rates are more complex and have to con-
sider periods of more than 10 years (Kolbe, 
2010). For example, Buschiazzo and Taylor 
(1993) compared, in the semi-arid Pampas 
of  Argentina, heavy and lightly eroded soils 
after many years of contrasting management 
systems and concluded that eroded soils 
lost 25–35% of their original SOC contents. 
At a long-term monitoring site in northern 
 Germany, SOC losses of 25 t ha−1 could be 
assigned to wind erosion, reducing the SOC 
content from 2.5% in 1990 to 1.8% in 2009 
(−28%). Differences in the SOC stocks that 
could not be explained by the balance 
method of Kolbe (2010) were most likely 
caused by wind erosion.

Physics of the Processes

Generally, in comparison to other soil- 
degrading processes, the availability of reli-
able data of wind erosion effects on the SOC 
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cycle is rare. But, nevertheless, some infer-
ences can be drawn based on the current 
physical knowledge of aeolian transport. 
Soils in the broader sense are a mixture of 
grains of different sizes, shapes and proper-
ties. Natural soils have a large variety of 
grain sizes of mineral and organic compo-
nents, which are in most cases aggregated, 
and the mobilization of the finest particles 
of a soil by wind erosion results mainly from 
the impacts of sand particles. As shown in 
Fig. 13.1, the wind transports particles in 
three main forms: creeping, saltation (mainly 
sand) and suspension (mainly dust). Creeping 
and saltation include relatively coarse and 
heavy particles with relevance for local pro-
cesses, while suspension includes fine and 
light particles affecting regional and global 
processes (Shao, 2000). The way that wind 
erosion further affects the SOC losses has to 
be linked closely with the spatial distribu-
tion of the eroded material and its temporal 
variability.

Temporal Variability

On agricultural land, the susceptibility to 
wind erosion is subject to permanent changes. 
The highest susceptibility occurs always after 
tillage operations that have loosened, crum-
bled and levelled the surface. That causes 

not only the highest soil losses but also the 
highest SOC concentrations in the eroded 
material at the beginning of an erosion event 
(Fig. 13.2). The availability of erodible ma-
terial has a limitation due to the enrichment 
of coarser fractions or stable aggregates from 
deeper and moister layers at the surface 
during erosion, lowering the total amounts 
and SOC concentrations of the dust follow-
ing erosion events.

The increasing SOC content of the emit-
ted dust can be explained with separation 
processes by density differences. Figure 13.3 
shows dust on a filter sampled at a height of 
3 m. All particles can be regarded to have 
the same aerodynamic characteristics, well- 
sorted mineral particles of a uniform size 
and much larger organic particles (upper left 
side), representing a larger volume/mass com-
pared to the original composition. The aero-
dynamic separation therefore causes a relative 
increase of SOC in the emitted dust, which 
increases in height.

Spatial Variability

Wind erosion processes are subject to a high 
spatial variability, at both the small and the 
large scale. At the field site, the limited 
transport capacity of the wind causes closely 
adjacent areas of soil losses and gains. 

Suspension: <70 µm
Distance: km

Saltation: 70–500 µm
Distance: m

Creep: >500 µm
Distance: cm

Fig. 13.1. Main transport modes of wind erosion depending on particle diameter and transported 
distances by wind.
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Fig. 13.2. Carbon content of wind-eroded material during 4 months of measurements; each TO marks a 
tillage operation with a chisel of about 10 cm depth; after that, the highest concentration of SOC was 
always measured.

Fig. 13.3. Scanning electron microcopy capture of dust sampled at a height of 3 m; mineral particles are 
uniform in size of about 50 μm, organic particles with the same aerodynamic characteristics are much 
larger, resulting in a relative increase of SOC content.
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On highly erodible sandy soils, the transport 
capacity can be reached after very short dis-
tances (10–20 m), and despite very high 
transport rates, the soil loss after the satur-
ation is quite low (Fig. 13.4, left). Soil and 
SOC losses affect the first part of a field much 
more than the downstream parts, where SOC- 
poor material is already deposited. So, wind 
erosion increases soil heterogeneity, with 
consequences on soil physical properties 
and eventually crop production.

At the large scale, topographical effects 
are relevant if other surface characteris-
tics are homogeneous and/or deposition pro-
cesses are considered over a long period with 
a predominant transport direction (Goossens, 
1997, 2006). Topography influences the wind 
velocity close to the ground, which may re-
sult in the typical deposition patterns on 
summits, windward- or leeward- orientated 
slopes related to the prevailing transport dir-
ection (Goossens and Offer, 1997; Zufall et al., 
1999; Hoffmann et al., 2008b). The lowest 

deposition could always be found on sum-
mits and the upper part of windward slopes, 
the highest on leeward slopes and in de-
pressions.

Conclusions

Wind erosion and dust depositions are im-
portant processes of soil formation, and soil 
destruction as well. In semi-arid regions 
that are influenced by carbon-poor dust de-
positions from deserts, the properties as a 
sink area have to be maintained to enable C 
enrichment by continued soil formation. On 
arable land, measures are necessary to pre-
vent wind erosion and the preferred emis-
sion of carbon-rich dust. The particulate 
losses of SOC by wind erosion are not in-
cluded in most balances, but the available 
data prove a considerable part of these losses 
from the soils affected.
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Fig. 13.4. Spatial distribution of wind erosion on a field measuring 150 × 150 m; left side: total transported 
soil per metre width; right side: appropriate soil loss per m2 (negative values = deposition).
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Abstract
In this chapter, soil organic matter (SOM) benefits will be considered from two different perspectives: 
(i) the scientific perception of ‘SOM benefits’ between the 18th century and today; and (ii) how various 
contemporary religions and societies, including farmers of Western cultures, perceive soil and SOM 
benefits.

Perceptions of the benefits of SOM (or humus) varied greatly in Western culture according to changes 
in historical scientific theories. Different periods can be considered. In the first part of 19th century, the 
‘theory of humus’ by Thaer, dealing with a large popularity of SOM management for soil humus, was con-
sidered as the main nutrient for plants. In 1840, the new ‘theory of the mineral nutrition of plants by 
 Liebig demonstrated that humus was not the main source of nutrients for plants, with the consequence 
that there was no important need to manage organic fertilization: the popularity of humus was largely 
decreasing. With the emergence of environmental problems due to bad SOM management, the popularity 
of OM management is newly increasing. The best example is the concept that soil could be a large reser-
voir for atmospheric carbon sequestration, and this confers special attention to plant residue management.

In addition to scientific knowledge or economic considerations, the practices of farmers around the 
world are also highly dependent on their own culture (religious and cult aspects). To illustrate this point, 
this chapter gives as examples not only the beliefs of the Buryat (Lake Baikal) and the Dogon people 
(Mali) but also the opinions of three groups of French farmers towards soil and the benefits of SOM, deal-
ing with completely different attitudes vis-à-vis the adoption of different agricultural alternatives.

14 Historical and Sociocultural Aspects 
of Soil Organic Matter and Soil Organic 

Carbon Benefits
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*E-mail: christian.feller@ird.fr

Introduction

The concept of ‘benefit’ (arising from an 
idea, a discovery, an invention, a proced-
ure, etc.) implicitly suggests its possible 
application. The sociological impacts of 
such applications may involve a whole so-
ciety (e.g. benefits from agriculture), a par-
ticular sociocultural group (appropriation 

of  new techniques by agronomists) or a 
single  person.

Hence, this chapter will deal essentially 
with the perception of the ‘soil organic mat-
ter (SOM) benefits’ at different sociocultural 
levels. As carbon (C) is a part of SOM, SOM 
benefits include ‘soil organic carbon (SOC) 
benefits’, and these will be considered from 
three different perspectives, i.e.:

mailto:christian.feller@ird.fr
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	•	 the	historical	perception	of	‘SOM	bene-
fits’ by the scientific community, mainly 
between the 18th century (at the time 
when a distinction was drawn between 
organic and mineral components) and 
today;

	•	 some	 examples	 of	 how	 various	 soci-
eties and religions perceive both soil 
and SOM; and

	•	 how	farmers	practising	various	types	of	
agricultural interventions refer to SOM 
and to its attributed properties.

Historical Perception of  
‘Soil OM Benefits’1

One of the first questions to be clarified in 
relation to likely ‘soil OM benefits’ is the as-
sessment of the origin of plant nutrients that 
have the greatest effects on soil fertility. 
This discussion has been the subject of heated 
scientific controversy since the end of the 
18th century, up to 1840. The importance of 
SOM in sustaining other soil functions be-
yond the provision of nutritive elements to 
the plant was identified progressively there-
after. The role of SOM regarding the cap-
acity of the world’s soil resources to deliver 
agricultural and environmental services and 
to sustain human societies at both local (e.g. 
fertility maintenance) and global (e.g. mitiga-
tion of atmospheric C emissions) scales has 
only more recently been established (Dewar 
and Cannell, 1992).

Humus as a source of plant carbon 
nutrition (1770–1840)

From ancient times until the 18th century, 
many hypotheses were formulated about 
the source of nutrients for plants, i.e. air, 
water or soil. It was only after a distinction 
had been made between mineral and or-
ganic components in the second half of 18th 
century that ‘humus’ (or SOM) was con-
sidered a plant nutrient, in addition to other 
sources.

Hassenfratz (1792a,b) – without referring 
to experimental facts – argued that a fraction 

of humus in the form of soluble carbon was 
assimilated directly by plants (carbon hetero-
trophy) and was the almost unique source for 
plant carbon nutrition. At the same time as 
cited by Bourde (1967), several authors, for 
example Priestley (1777), Ingen-Housz (1779), 
Senebier (1782) and de Saussure (1804), par-
tially refuted these assumptions by demon-
strating both the gaseous origin of carbon and 
the role of light in photosynthesis. None the 
less, de Saussure (1804) still considered that 
a small part of plant material was possibly 
derived from soluble humus. Contradictory 
debates arose on the topic, but many agricul-
tural scientists shared an intermediate point 
of view and assigned functions to both SOM 
and the air in plant nutrition. In particular, 
this was the case for the famous German agro-
nomist, Albrecht Daniel Thaer (1752–1828), 
known for the ‘theory of humus’ developed 
in his seminal book, Principles of Rational 
Agriculture (1809).

Thaer’s principles contained some un-
verified theoretical concepts on plant nutri-
tion that served as a basis for the first rational 
and systematic approach to fertilization 
within the context of sustainable cropping 
practices (de Wit, 1974; Feller et al., 2003). 
Thaer’s ‘theory of humus’ incorporated an 
analysis of the management of soil fertility 
as well as the concept of sustainability that 
deserve particular attention.

Thaer’s book was published during the 
controversy about whether soil or atmos-
phere was the actual source of carbon used 
by plants. Thaer did not deny that atmos-
pheric CO

2 could be a carbon source for 
plants, but since this source seemed unlim-
ited, he considered soil humus and its man-
agement as the main limiting factor of plant 
carbon nutrition. According to Thaer: (i) most 
plant dry matter derives from the ‘soil nutri-
tive juices’ contained in the portion of soil 
humus that is soluble in hot water; and 
(ii) plant demand for ‘juices’ is selective and 
varies according to the species cultivated. 
Management of soil fertility must therefore 
be based both on the management of soil 
humic balance and on crop succession.

Although erroneous, these assertions 
encompassed the whole soil–plant system 
and were used to support the first quantified, 
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complex, but integrated system of analysis 
for the diagnosis and prediction of fertility 
(Feller et al., 2003). This was certainly the 
first example of real concern with farming 
sustainability, and what is more, it was 
based on organic practices. In terms of plant 
production, this period certainly marked 
the golden age of ‘soil OM benefits’ until the 
emergence of the mineral theory of plant 
nutrition.

The mineralist period (1840–1940)

Although Liebig takes many of his ideas 
from the work of Sprengel (1838; cf. van der 
Ploeg et al., 1999), his authoritative text, Die 
organische Chemie in ihrer Anwendung auf 
Agrikultur und Physiologie (1840), is often 
considered as the first reflection on the ori-
gin of plant dry matter from mineral com-
pounds based on scientific experiments. It 
was the birth of the ‘mineral theory’ of plant 
nutrition and the beginning of the ‘NPK 
era’. Carbon was considered to be derived 
from carbon dioxide, hydrogen from water 
and other nutrients from the soluble salts 
present in soil and water. Since Liebig’s 
synthesis accounted rather satisfactorily 
for the fertilizing effect of mineral inputs, it 
provided the basis for modern agricultural 
sciences. Liebig promoted the use of min-
eral fertilizers to compensate for soil min-
eral depletion, and his work paved the way 
for recommendations on the massive use of 
chemical fertilizers in cropping patterns 
and the abandonment of organic or organo- 
mineral fertilization. None the less, Liebig, as 
‘one of the last “complete” men among the 
Great Europeans’ (Hyams, 1976), was him-
self an advocate of mixed fertilization. As a 
result, until World War I, organic or organo- 
mineral inputs to soils were no longer con-
sidered to benefit plant production, even if 
scientific investigations had demonstrated 
the indirect importance of SOM for proper-
ties playing a role in soil fertility.

The potential of chemical fertilization to 
increase crop yield was widely recognized at 
the end of the 19th century, the industrial 
synthesis of nitrogen (N) and the processing 
of phosphorus (P) being mastered by the 

early 20th century. The mineralist approach 
reached its peak in the 30-year period fol-
lowing World War II, with the development 
of high-input, heavily subsidized agriculture 
in Europe and North America. During the 
first half of the 20th century, the generaliza-
tion of agricultural practices without any re-
turn of SOM to the soil led to intense land 
degradation. The clearest examples are the 
spectacular water and wind erosions of the 
Dust Bowl and Black Sunday in the USA 
(14 April 1935).

From agronomy to ecology (1940–1992)

Societal and scientific doubts concerning 
the sustainability of intensive farming arose 
as early as in the 1930s, when a connection 
was suspected between the decline in soil 
fertility, the quality of the human diet and 
human health (Balfour, 1944). This pro-
moted the definition of the ‘healthy’ func-
tion of SOM and the creation of the organic 
farming movement.

Steiner (1924) provided the incentive 
for the first organic farming movement, the 
so-called ‘biodynamic agriculture’. Steiner’s 
scientific bases and that of his followers 
(e.g. Pfeiffer, 1938) were shallow, and they 
referred to both holistic and cosmogonic 
concepts (i.e. interrelationships between 
the stars, soil and geochemical elements, 
plants, animals and humans) to propose a 
new kind of agriculture that excluded the 
use of any chemical input. The most influ-
ential and rational approaches to modern 
organic farming were those by Howard 
(1940, 1952), Balfour (1944) and Rodale 
(1945); for detailed reviews of the history of 
organic farming see Scofield (1986) and 
 Lotter (2003). They shared one main object-
ive, which was to improve soil, plant, animal 
and human health by biologically managing 
soil fertility. Two fundamental aspects of or-
ganic farming philosophy put SOM at the 
heart of cropping sustainability: the holistic 
paradigm and the Law of Return.

The philosophy of organic farming is 
fundamentally holistic and considers ‘all life, 
all creation as being inextricably interrelated, 
such that something done or not done to 
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one member, part or facet will have an effect 
on everything else’ (Merrill, 1983). This is 
illustrated best by the biotic pyramid of 
 Albrecht (1975; cited in Merrill, 1983). This 
pyramid is composed of several layers, with 
soil at the base and humans at its apex. Ac-
cording to this schematic, any degradation 
of soil quality threatens the whole of civil-
ization, and even mankind itself; hence the 
need for careful soil husbandry.

The Law of Return stems from the con-
cept of the ‘living substances cycle’, which 
originated in ancient times and reappeared 
in treatises on agriculture in the 16th and 
17th centuries. A rupture of this principle is 
one of the factors that have been suggested 
in several historical research works to ex-
plain the collapse of civilizations, attrib-
uted to failures of their agriculture. The 
question is still at the heart of critical issues 
in terms of urban waste recycling (Magid 
et  al., 2001). According to this principle, 
life can only be maintained provided living 
beings, or at least the residues of their activ-
ities and their bodies, are recycled at each step 
of the biotic pyramid. A crucial process is 
thus the establishment of organic flows to 
the soil to maintain its fertility. Since this 
return is SOM mediated, Balfour (1944), 
and above all, Rusch (1972), adopted a scep-
tical position towards what they termed 
Liebig’s ‘rather naive theory’, and developed 
a partly rigorous (Balfour and Howard), partly 
ideological (Rusch) analysis of the agroe-
cological role of SOM. Howard’s opinion, 
as  expressed in The Soil and Health (1952), 
matches Balfour’s holism, his causal inter-
pretation of the relationship between soil, 
plant, animal and human health being an-
chored in the idea of a cycle of the proteins 
and their quality between living beings. Even 
if his opinion was to some extent ideological, 
Howard (1940, 1952) wrote rigorous tech-
nical handbooks on the production of com-
post, which he termed ‘manufactured humus’.

Over the past few years, there has been a 
renewed interest in the scientific community 
for holistic approaches to soil management, 
as evidenced by the proliferation of scientific 
meetings, research programmes (and con-
sequently publications) on the topic of ‘soil 
health’. An International Federation of  Organic 

Agriculture Movements was even created in 
1972; its first international conference was 
held in 1977.

Towards ecological agriculture (1992)

The era of an ‘ecological agriculture’ may be 
seen to result symbolically from the 1992 
Earth Summit in Rio de Janeiro. ‘Sustain-
able development’ came to global attention 
with the publication of a report of the World 
Commission on Environment and Develop-
ment (WCED, 1987) in which it was defined 
as ‘development that meets the need of pre-
sent generations without compromising the 
ability of future generations to meet their 
own need’. This clear congruence with en-
vironmental concerns about the impact of 
intensive, high-input agriculture, coupled 
with the failure to achieve persistent and 
consistent results in many parts of the 
world, notably in Africa, stimulated a sub-
stantial effort to find sustainable means of 
agricultural production (Conway and Barbier, 
1990), focusing obviously on the use of re-
newable natural resources. As regards the 
management of soil fertility, this new ap-
proach generated substantial attention on 
the manner in which organic matter and 
biological processes were being dealt with 
(Scholes et al., 1994).

One of the key features in terms of sus-
tainable practices consists of managing soil 
fertility through a combination of organic 
matter (crop residues, compost or manure) 
and mineral nutrient inputs (Pieri, 1992). 
This rediscovery of the benefits of the an-
cient concept of the integrated provision of 
nutrients became the mainstay of soil fertil-
ity at the turn of the 20th century ( Mokwunye 
and Hammond, 1992; Palm et al., 1997). 
Maintaining and/or improving SOM status 
is central to its philosophy. The scientific 
challenge remains unchanged and aims at 
extending the ecological principles beyond 
the manipulation of the plants’ components 
(with indirect influence on the soil biota, 
decomposition processes and humus dy-
namics as a consequence), to include a more 
direct manipulation of the soil biota (Swift, 
1998). Some success was obtained with 
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N-fixing bacteria (Giller, 2001), which still 
have to be matched with other groups of 
microorganisms.

In managed sustainable agriculture, the 
modern concept of SOM as a dynamic, bio-
logically regulated pool of energy, carbon 
and nutrients is congruent with the concept 
of fertility as defined by Balfour for organic 
agriculture: ‘the capacity of soil to receive, 
store and transmit energy’ (Balfour, 1976, in 
Merrill, 1983). This has the effect of enhan-
cing the status of SOM management as an 
 essential component of the design of new 
cropping schemes. In the Western world, for 
instance, research stations devoted to or-
ganic farming were created as early as 1939 
(Haughley Research Trust in the UK by 
 Balfour), 1945 (Rodale Institute in the USA), 
1950 (Germany) or the mid-seventies (Switz-
erland and the Netherlands). At first, they 
were privately funded, but they are now 
 financed, at least partly, by governments 
(Krell, 1997; Lotter, 2003).

The worldwide adoption of precision 
agriculture, along with the increased pro-
motion of agroforestry systems (Steppler 
and Nair, 1987; Ewel, 1999), of composting, 
mulching and direct-sowing techniques 
( CIRAD, 1999) demonstrate the scientific 
value of integrated SOM management in 
terms of sustainable cropping schemes that 
were widely used before the mineral era but 
that had only been preserved in small-
holders’ agriculture (Altieri, 2002; Jackson, 
2002; Tilman et al., 2002). On the other 
hand, and slow though it has been to grow, 
introducing ecological concepts into mod-
ern agriculture represents a return to prin-
ciples that had been derived empirically 
from observation, many of which had been 
retained in traditional indigenous know-
ledge in various parts of the world. This de-
velopment has been documented recently 
by McNeely and Scherr (2002), who cele-
brate the achievement of what they call 
‘ecological agriculture’.

Beyond its role in regulating global cli-
mate change (soil’s capacity for C sequestra-
tion), and as a key compartment in nutrient 
cycles, SOM has also come to be valued for 
its influence on a wide range of so-called 
‘ecosystem services’ in the sense of the 

 Millennium Ecosystem Assessment (MEA, 
2005); for example, food production, water 
management, climate protection/regulation, 
provision of energy, biodiversity preserva-
tion, transformation and dynamics, landscape 
management, cultural services, etc. Such 
services also include water availability and 
quality, soil erodibility and SOM as a source 
of energy for soil biota acting as biological 
control of plant, livestock and even human 
pathogens and diseases.

The numerous ecosystem services pro-
vided by soil through appropriate SOM 
management represent both ‘soil OM benefits’ 
and ‘soil C benefits’. In that perspective, many 
new agricultural systems are nowadays 
being proposed under the generic terms of 
‘agroecology’; for example, ‘organic farming’, 
‘conservation agriculture’ (with reduced or 
no tillage), ‘agroforestry’, etc. All these alter-
natives are based on the use of locally avail-
able natural resources (leguminous plants, 
rock phosphate, etc.) and the restitution of 
any plant or animal residue to the soils.

Religious and Sociocultural 
 Perception of ‘Soil OM Benefits’

The concept of SOM is linked strongly to 
scientific development in the western hemi-
sphere, while the very notion of organic 
matter never really emerged among practi-
tioners in other past or present civilizations. 
Nevertheless, the latter had, by and large, 
a  holistic perception of the environment. 
The ideas of earth, soil and fertility were 
universal. One of the archetypal myths is 
that of the Goddess Earth, or Mother God-
dess, found in almost all cultures as a symbol 
of fertility and fecundity, both of fields and 
of women. This deity was a woman: Demeter 
for the ancient Greeks, Ceres for the Romans.

The denomination of Mother Goddess 
has been adopted not only solely by priests 
and religions but also by scientists, as 
shown by Patzel (2010) in an article devoted 
to what belonged (in the psychoanalytical 
sense) to the ‘unconscious’ in the discourse 
of the pioneers in soil science at the end of 
the 19th century, like Fallou (1862) and 
Senft (1888), or Steiner (1924), Howard (1940, 
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1952), Balfour (1944) and Rusch (1972), among 
the supporters of organic farming.

Very different approaches to soil man-
agement can be observed, according to the 
cultural context, Western or not, and per-
ceptions of the Mother Goddess. Two ex-
amples described by Lahmar and Ribaut 
(2001), among numerous others, will serve 
as illustrations:

	•	 The	 religion	 of	 the	 Buryats,	 living	
around Lake Baikal, is halfway between 
Shamanism and Buddhism (according 
to Intigrinova, 2001). In Shamanism, 
the most important worship is that of 
the Mother Goddess, the body of the 
deity being the actual soil. It is hence 
strictly prohibited to offend or hurt the 
soil by working with sharp tools. Bud-
dhism, however, allows some labour-
ing of the soil, but only if absolutely 
necessary, and above all, in the process, 
one has to avoid killing any organism 
living within. This plainly shows the 
importance of beliefs and cults in man-
aging fields.

	•	 For	 the	Dogons	and	other	African	cul-
tures, Earth is a divinity and as such 
is  sacred (according to Laleye, 2001). 
Earth is the Creator’s spouse and is 
therefore at the origin of mankind. 
Among the marvellous reported legends, 
the creation of the world is called 
‘ Amma’s work’. Amma moves only 
arms and fingers to create the planets, 
whereas for Earth, he throws a roll of 
loam. Earth is created in the form of a 
female body, the sex of which is an ant-
hill and the clitoris a termite mound. 
Amma tries to copulate with Earth, but 
the termite mound prevents the pas-
sage. To consummate the union, Amma 
needs to destroy the mound, excising 
Earth. The history goes on, and follow-
ing an incestuous act, Earth is left sul-
lied and soiled, a soiling that can only 
be mitigated through ploughing. As op-
posed to the foregoing example, this is 
how a cultural attitude may contribute 
to encourage physical labour.

These two examples show how important 
beliefs and cults may be with regard to the 

appropriation and adoption of particular 
agricultural practices like the minimal or 
no-tillage systems, a topic that is presently 
of concern not only for research scientists 
but also for practitioners in the USA, Brazil, 
Argentina and, more recently, in Europe. 
And how is the situation evolving now-
adays from that point of view in developed 
or emerging countries where farmers are 
relatively close to the science and the exten-
sion services when it comes to accepting in-
novations?

The Place Held by OM in Farmers’ 
Conceptions of Soil

Very little is known about farmer’s percep-
tions of the role and importance of organic 
matter. Ongoing research by the authors 
with groups of farmers from the Vendée, 
western France, who use different produc-
tion systems (conventional, no-till and or-
ganic farming) is trying to elucidate their 
opinions about SOM, and the preliminary 
results are presented here.

In the framework of sustainable agri-
cultural development, the importance of 
carbon (C) for soil quality has now become 
central. It is crucial to grasp how farmers 
understand and characterize their soils and 
the function of C in order to enhance the 
implementation of farming practices that 
favour C sequestration in the soil and to 
understand how technical advisory services 
and research can reinforce these practices. 
The notion of understanding, as derived 
from cognitive sociology (Darré, 1985;  Bouvier 
and Conein, 2007), refers to the idea that 
farmers have opinions with regard to their 
own practices, only partially explicit, which 
can be given verbal expression within the 
framework of reflective work (Giddens, 
1984).

Research has considered farmers’ con-
ceptions, representations and perceptions 
of their soils over several years. Various 
studies have already been carried out in 
Europe (Ingram, 2008; Marie et al., 2008; 
Ingram et al., 2010; Coll et al., 2012; Goulet, 
2013), as well as outside Europe (Messing 
and Fagerstrom, 2001; Desbiez et al., 2004; 
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 Okoba and De Graaff, 2005; Moges and 
Holdenn, 2007). However, these studies 
most often identify how farmers see their 
soils in order to make agricultural advis-
ory services more relevant, and thus more 
efficient in advising farmers on specific 
points such as soil erosion or loss of soil 
fertility. The present approach is original 
in that it does not consider a predefined 
problem but is concerned with farmers’ 
overall understanding of their own soils 
in order to identify the role SOM or SOC 
represents for them. This comparative ap-
proach also makes it possible to highlight 
how these conceptions are specific to par-
ticular modes of agricultural production. 
It further allows us to observe how farm-
ers develop their own way of thinking 
about soils, as well as to gauge the degree 
of the homogeneity of these ideas and ap-
proaches.

The results (Compagnone et al., forth-
coming) showed that these farmers were 
only marginally concerned with C se-
questration by soils as a form to mitigate 
climate change; rather, they expressed 
themselves in a practical way, useful to 
their peers in similar production schemes. 
In the same way, these farmers did not 
mention ‘soil health’. Soil can be ‘good’ 
or ‘bad’, ‘well’ or ‘badly maintained’, or 
‘worked’, but it is never described as healthy 
or sick, unlike the crops or residues that 
are on its surface.

Strictly speaking, different farmers 
have different conceptions of the import-
ance of OM to the soil, depending on which 
production method they employ. Its inter-
est for no-till farmers is in stimulating the 
biological activity of the soil and improving 
and regulating its structure. The aim of 
these farmers is, for instance, to increase 
the OM content of their soils from 4 to 5%. 
The problem is different for organic farm-
ers: since they are not able to use synthetic 
fertilizers, OM inputs constitute their pri-
mary source of nutrient input. The major 
question for them relates to how essential 
nutrients are made available to the plant as 
effectively as possible. Lastly, for conven-
tional agriculture farmers, this question of 
OM has no special meaning, but ranks on 

the same level as mineral fertilization or 
calcic amendments. Although these farm-
ers recognize that the OM content of soils 
has to be increased so that the soil can con-
tinue ‘to give’, and questions of soil struc-
ture and life have been mentioned, they 
consider that OM does not determine soil 
productivity.

Finally, although all three groups 
mentioned the importance of the ‘life of 
the soil’, this concept was most present 
for farmers practicing no-till. For these 
farmers, the term ‘biological’ concerns the 
natural dynamism particular to the life of 
the soil, complex and multiple in its form, 
whereas farmers in organic farming use 
the same term to refer to a practice which 
prohibits the use of agrochemicals. The 
statement of the need to produce new 
technical references that are consistent 
with their production methods is associ-
ated with the assertion of the central role 
of OM in the soil by these two types of 
farmers. They generally criticize standard 
technical and scientific frameworks and 
their relevance to their particular pro-
duction systems. However, this criticism 
leads no-till farmers to a production pro-
cess of knowledge and expertise, while 
organic farmers call on agronomic re-
search, at the same time underlining their 
difficulty in integrating and making use 
of technical and scientific language. The 
organic farmers in this study thus dif-
fered from farmers converted to organic 
practices at an earlier stage, who were re-
ported as being strongly involved in the 
generation of local knowledge (Hellec and 
Blouet, 2012).
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Note

1For more information on this section and detailed references see Feller et al. (2006, 2012) and Manlay 
et al. (2007).
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Abstract
Soil carbon has an economic value insofar as it is associated with an asset that provides benefits for 
humans. Demonstrating and measuring the economic value of soil carbon can provide valuable infor-
mation for policy making. It makes explicit that soil carbon is not freely available. It signals the scar-
city of the resource from a social point of view and also the extent to which investment in soil carbon 
should be prioritized relative to other investments. It also helps policy makers determine what type of 
economic instruments or incentives are necessary to align privately and socially optimal soil conser-
vation decisions. In other words, the economic valuation of soil carbon provides information to help 
assess how efficiently a particular land management can reallocate the goods and services from soil to 
different and often competing uses. The chapter stresses the importance of the context of value forma-
tion by linking human preferences, knowledge and institutions to soil carbon. Then, by means of a 
conceptual framework, the chapter links the types of ecosystem services (supporting, regulating, provi-
sioning and cultural services) derived from soil carbon to economic value components using the total 
economic value approach. Mapping the ecosystem service values of soil carbon needs to account for 
who appropriates the different values (private versus social values), whether the values are direct or 
indirect, so as to avoid double counting. Emphasis is given to the natural insurance value of soil carbon.

15 The Economic Value of Soil Carbon

 Unai Pascual*, Mette Termansen and David J. Abson

*E-mail: unai.pascual@bc3research.org

Introduction

Economics is about choice. Every economic 
decision is based on the weighing of values 
among different competing alternatives 
(Bingham et al., 1995). Economics can also 
be instrumental in understanding the bene-
fits and costs to society of alternative deci-
sions on soil carbon allocation. First of 
all, economics can provide land users and 
society at large with information about the 
level of scarcity of soil carbon. Economic 

 valuation of soil carbon can be used to dem-
onstrate that soil carbon is scarce, and thus 
not freely available, and that its deaccumu-
lation or depreciation has societal costs. 
If  these costs are not taken into account, 
the decisions of social actors, including 
 individual land managers and policy makers, 
would be misguided. As a result, subopti-
mal decisions on soil carbon would be most 
likely, which would make society worse off 
compared to the outcome of better-informed 
decisions.
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The foremost important aspect of under-
standing the economic value of soil carbon 
hinges on the idea that, with this informa-
tion, society can prioritize to what extent we 
are willing to trade off soil carbon for other 
goods and services that enhance human 
well-being. This is related to the notion of 
opportunity costs at both the individual and 
the social level. For example, in order to ac-
cumulate soil carbon in agriculture, a farmer 
may have to give up a certain amount of 
something else; for example, biomass pro-
duction for energy consumption. However, 
this may come as a benefit to society; for in-
stance, in terms of reducing carbon emis-
sions and increased carbon stocks (Lal, 
2004, 2010; Sanderman and Baldock, 2010; 
see also Chapter 31, this volume).

At a social level, in certain circum-
stances, there may be opportunity costs of 
accumulating soil carbon, in terms of food 
security (Antle and Stoorvogel, 2008). Con-
versely, when society decides to convert nat-
ural ecosystems to agriculture, this results in 
the depletion of soil carbon (and terrestrial 
carbon more generally) by as much as 60% 
in temperate regions and at least 75% in the 
tropics (Lal, 2004). This comes at a cost to 
society; for instance, by decreasing soil qual-
ity, which translates into reduced land prod-
uctivity, potential impacts on water quality 
and increased climate change.

Valuing soil carbon from an eco-
nomic point of view, however, is not 
straightforward, since most of the bene-
fits derived from its conservation and 
sustainable use are not reflected by mar-
kets. This is mostly because markets only 
reveal sufficient information about the 
scarcity of a small subset of goods and 
services from nature. Most natural re-
sources, ecosystem processes and func-
tional components are not incorporated 
in transactions as commodities or ser-
vices, and their economic value is not 
 reflected by market prices. One overarch-
ing reason is that soil carbon is a public 
good, which poses the fundamental limi-
tations of a market system to provide 
comprehensive values involved in deci-
sion processes. In this respect, economics 
can be helpful to diagnose such a market 

failure problem and identify socially op-
timal investments in soil carbon.

The notion of optimality in the alloca-
tion of soil carbon is associated intrinsically 
with the notion of externality in economics. 
Externalities are non-intentional collateral 
effects that an action has on the welfare of 
third parties (originally non-target individ-
uals). These could be either positive or nega-
tive. A positive externality or co- benefit, for 
instance, may exist if a programme to in-
crease soil carbon sequestration by a target 
farmer group by reducing tillage intensity 
might also reduce soil erosion, and thus af-
fect other farmers positively. Negative exter-
nalities can also occur, though. For example, 
the adoption of reduced tillage might be as-
sociated with increased pesticide use, which 
in turn might increase pesticide runoff and 
negatively impact the quality of water used 
by consumers at large.

The stock–flow natural capital frame-
work (Costanza and Daly, 1992) much popu-
larized by global initiatives such as the 
Millennium Ecosystem Assessment (MEA, 
2005) can be used in this context. Here, soil 
carbon is the natural capital asset (Dominati 
et al., 2010; Robinson et al., 2013) and the 
flow of benefits it creates is the ‘interest’ on 
that capital that society receives. It is akin to 
the idea of private investors choosing a 
portfolio of capital to manage risky returns. 
Society needs to choose the amount of soil 
carbon that maintains future flows of bene-
fits by accounting for the opportunity costs 
(trade-offs) of doing so. This economic ap-
proach to the value of soil carbon thus is 
anthropocentric, to the extent that the ob-
jective is an instrumental one; that is, fulfil 
needs or confer satisfaction to humans ei-
ther directly or indirectly. In this way, valu-
ing soil carbon is based on the intensity of 
changes in people’s preferences with respect 
to land-use change and associated changes 
in soil carbon.

It follows that, instead of being an in-
herent property of soil carbon, its value is 
attributed by people through their will-
ingness to pay for the goods and services 
that flow from it, which depends greatly on 
the socio-economic context in which valu-
ation takes place – on human preferences, 
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institutions, culture and so on (Pascual 
et al., 2010). Thus, it is important to be re-
minded that estimates of the economic 
value of soil carbon would reflect the cur-
rent choice pattern of individuals, given 
multiple conditioning factors that deter-
mine and are determined by the distribu-
tion of income and wealth in society, the state 
of soil carbon, production technologies and 
expectations about the future. A change in 
any of these variables affects the estimated 
economic value of soil carbon. 

The stock–flow framework can be use-
ful to value natural assets such as soil car-
bon. The stock–flow model embedded in 
the ecosystem services framework lends 
itself directly to valuation and cost–benefit 
analysis (Wegner and Pascual, 2011). Here, 
we will employ this framework of analysis. 
However, it is also important to note the 
risks of such framework, as over-reliance 
on the ecological stock–flow framework 
obscures the depth and richness of natural 
sciences, and specifically ecological know-
ledge, as well as social sciences and eco-
nomics in particular (Norgaard, 2010).

The Total Economic Value of  
Soil Carbon

Soil carbon shares the characteristics of a 
private good when managed by an individ-
ual agent, as it delivers benefits that can be 
appropriated privately, and of a public good 
when that is appropriated by society at 
large; for example, in terms of its role in sta-
bilizing climate. It is important to consider 
this when demonstrating the value of soil 
carbon through the standard total economic 
value (TEV) framework. TEV is defined as 
the sum of the values of all benefit flows 
that soil carbon generates, both now and in 
the future – appropriately discounted (Pas-
cual et al., 2010). It encompasses all compo-
nents of preference satisfaction (or utility) 
derived from soil carbon using a common 
unit of account such as money or any other 
unit of measurement that allows compari-
sons of the benefits of the various goods and 
services derived from soil carbon. Normally, 
TEV is translated in monetary terms, since 

in most societies people are already familiar 
with money as a unit of account and because 
expressing relative preferences through TEV 
in monetary units can be useful to policy 
makers. There is a taxonomy and classifica-
tion of the components of TEV for soil carbon 
and valuation tools that can be used to esti-
mate such components (see Chapter 18, this 
volume). TEV is the aggregated value of soil 
carbon in a given state (Table 15.1).

The total output value  
of soil carbon

The components of the output value within 
the TEV framework can be mapped using the 
ecosystem services framework. Robinson 
et al. (2013) note that this framework is 
used more in the agricultural context than 
in soil science per se, probably because of 
the emphasis on final services like the pro-
duction of food and fibre.

The main value of soil carbon stems 
from its intermediate role as a supporting 
service that underpins regulating services 
such as promoting resistance to the erosion 
of soils and regulating flooding by increas-
ing infiltration, reducing runoff and slowing 
water movement from upland to lowland 
areas and reducing releases of agrochem-
icals, pathogens and contaminants to the 
environment by aiding their retention and 
decomposition (Victoria et al., 2012).

The insurance value of soil carbon

Information about the total mean output 
value can be enhanced by understanding 
the system’s capacity to maintain the pro-
duction of values in the face of variability 
and disturbance. This implies that besides 
an ‘output’ (yield) value, there also exists an 
‘insurance’ value determined by risk prefer-
ences and the level of uncertainty (Turner 
et al., 2003).

The insurance value of soil carbon can 
be related to the soil’s self-organizing capacity 
and resilience, sensu Holling (1973), which 
is related to the soil’s capacity to absorb 
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shocks and reorganize so as to maintain its 
essential structure and functions, in a given 
ecological state. Securing soil resilience 
thus is associated with maintaining a min-
imum amount of soil carbon that allows 
‘healthy’ functioning of the soil. This min-
imum level of soil carbon can be approached 
through the concept of ‘critical natural cap-
ital’ (Brand, 2009). Thus, we contend that 
TEV of soil carbon is the sum of the total 
output value (its components being identi-
fied in Table 15.1) and the insurance value 
under risk and uncertainty. The insurance 
value exists in as much that people are risk 
averse and are willing to pay to secure a 
stable stream of the TEV in the face of vari-
ability and disturbance.

The literature on the natural insurance 
value of natural assets defines natural insur-
ance in different ways. For example, Perrings 
(1995, p. 70) points out that the insurance value 
of an asset concerns its role in the amelioration 

of fundamental uncertainty associated with 
catastrophic events that cannot be reducible 
to the realm of actuarial risk, which is appro-
priate when we can allocate probabilities 
to the different states of nature. Similarly, 
Baumgärtner and Strunz (2014, p. 22) inter-
pret the value of natural insurance ‘as the 
value of one very specific function of resili-
ence: to reduce an ecosystem user’s income 
risk from using ecosystem services under un-
certainty’. Following these ideas of the value 
of resilience-based natural insurance, we 
posit that the value of natural insurance (NIV) 
of soil carbon is composed of two related but 
differentiated value components: (i) the value 
of soil carbon for self-protection under un-
certainty (the value of lowering the risk or 
probability of being hit by a disturbance, for 
example flooding or drought, causing a de-
crease in the total output value; and (ii) the 
value of self-insurance (SI) (lowering the size 
of the loss due to such an event occurring).

Table 15.1. Output value (use and non-use values) components of TEV of soil carbon and associated 
significance.

Output value  
components of  
soil carbon Value subtype Meaning Significance and examples

Use values Direct use value Results from direct human use of soil 
carbon

Medium – production of peat 
for energy production

Indirect use value Derived from the regulation services 
provided by soil carbon

High – sequestration of 
carbon, regulation of 
agricultural production

Option value Relates to the importance that people 
give to the future availability of soil 
carbon for personal benefit

Medium to high when 
information on indirect use 
values is available (e.g. 
climate regulation, etc.)

Non-use  
values

Bequest value Value attached by individuals to the 
fact that in the future the individual 
will also have access to the benefits 
from soil carbon (intergenerational 
equity concerns)

High under sustainability 
policies

Altruist value Value attached by individuals to the 
fact that other people of the present 
generation have access to the 
benefits provided by soil carbon 
(intragenerational equity concerns)

Medium to high in non- 
individualistic societies

Existence value Value related to the satisfaction that 
individuals derive merely from the 
knowledge that soil carbon is 
protected

N/A
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It can be argued that under risk and un-
certainty to the variability and disturbance 
of soil carbon, both output and insurance 
values can be aggregated. The NIV of soil 
carbon measures how much a land manager 
would be willing to pay, say by investing in 
soil carbon-enhancing land management ac-
tivities, in order to hedge against risk from 
exogenous shocks and stresses, assuming 
the land manager is risk averse. When the 
farmer is risk neutral, the NIV would be 
zero, and if, instead, he is risk loving, his 
willingness to pay (WTP) would be nega-
tive. In a context of uncertainty and/or ig-
norance, and assuming risk aversion towards 
shocks and stresses due, for example, to 
 climate change, separating the total output 
value from the insurance value would imply 
that double counting would not occur.

Discounting the value of soil carbon

An additional complicating factor related 
to the economic regulation of soil carbon is 
the long timescale involved with depletion 
and accumulation in soils. This implies 
that the natural capital is slowly decreasing 
in value if its value is not fully recognized 
in decision making; further, it also implies 
that mismanagement of the soil carbon can-
not be rectified in the short term. Decision 
making with long-term consequences is no-
toriously difficult. This has been studied 
and demonstrated in relation to many en-
vironmental concerns, most prominently 
in the climate change debate (Arrow et al., 
1996). It is well known that balancing the 
concerns of present versus future gener-
ations has profound implications for in-
vestment in climate change mitigation, and 
equally for the case for investment in soil 
carbon.

In economics, this debate is portrayed 
technically through discounting as a means 
of capturing the role of considerations over 
equity and efficiency in natural resource 
use and investment (Dasgupta, 2006). In-
vestment in soil carbon has all the same 
characteristics as the climate change miti-
gation debate, but investment in soil carbon 
is also an investment in the productive 

 capacity of private assets, for example through 
the role in agricultural productivity. This 
raises a challenge as the beneficiaries from 
the investments become less clear and opti-
mal regulation should account for the diver-
sity with which different groups in society 
are impacted from alternative policy op-
tions. On the other hand, the fact that in-
vestment in soil carbon leads to tangible, 
local private benefits (although long term) 
also suggests that it might be possible to de-
sign policy initiatives which would reduce 
the gap between the current investment in 
soil carbon and the optimal level.

Capturing the Economic Value of  
Soil Carbon

Valuation of soil carbon goes beyond 
demonstrating the preference intensity of 
society with respect to possible trade-offs 
(externalities). Properly used, valuation can 
be used to develop policy instruments to 
appropriate and distribute or share the soci-
etal value of soil carbon. Appropriation re-
fers to the process of capturing some or all 
of the demonstrated and measured values 
of soil carbon so as to provide economic in-
centives for its sustainable and optimal 
management. It aims at internalizing, through 
a regulatory framework based on either 
 command-and-control or alternative market- 
based instruments, the demonstrated values 
of soil carbon so that those values affect in-
vestment decisions about soil carbon. In-
ternalization is achieved either by setting 
quantity targets directly, creating markets 
when they are altogether missing, or cor-
recting markets when they are ‘incomplete’. 
In the benefit-sharing phase, appropriation 
mechanisms can be designed so that the 
demonstrated and captured soil carbon val-
ues are distributed based on social equity 
and fairness principles.

But, in addition to market failures, there 
are also two other failures that need to be 
solved for socially optimal soil carbon deci-
sions: information and policy failures. An 
information failure for soil carbon might 
exist due to the difficulty of quantifying the 
level of goods and services that derive from 
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it in terms that are comparable with services 
from human-made assets. Hence, soil car-
bon valuation can be used to unravel the 
complexities of social ecological relation-
ships in relation to soil carbon, to make ex-
plicit how economic decisions would affect 
such values, and to express such value 
changes in some unifying metric such as 
money in order to be incorporated in policy 
decision processes (Mooney et al., 2005).

Policy failure stems from intentional 
policies that bias values associated with 
land-use decisions. For example, economic 
policy environments for agriculture and 
rural development in most countries are 
driven by heavy subsidized agriculture, 
which is in part responsible for a regulatory 
environment that creates conditions for 
farmers to mine soil carbon as an economic 
rational response (Antle et al., 2003). This is 
associated, for instance, with the creation of 
the economic conditions for certain land 
management not to be sufficiently attractive 
to farmers, such as soil restoration, wood-
land regeneration, no-till farming, using cover 
crops, nutrient management and manure and 
sludge application, among others (Lal, 2004). 
Since soil carbon accumulation is a function 
of past land-use and management practices, 
policy failures need to be addressed with a 
long-term perspective.

One way to solve the market failure of 
soil carbon is to create a market for it. This 
requires, one way or the other, commodify-
ing of soil carbon. That is, bringing it to the 
market sphere by converting it into a good 
that has exchange value. There are various 
approaches that could be used to allow in-
ternalizing the economic value of soil carbon 
through a market-based approach. This can 
take different forms, and several examples 
have been reported in the literature for dif-
ferent natural assets (Ribaudo et al., 2010). 
One approach is based on directly creating a 
market for soil carbon credits that can be 
traded. Soil carbon credits for sequestration 
are a type of offset trade, and the stored car-
bon may be leased or sold (Jones, 2007).

A well-known example is an emissions 
trading market developed by a regulatory 
agency. This agency would stimulate de-
mand for soil carbon by requiring regulated 

agents, farmers for example, to have enough 
allowances to meet a regulatory require-
ment and enforce property rights. Farmers 
would be allowed to trade the discharge 
allowances (water-quality trading and car-
bon cap-and-trade programmes). Members in 
this programme can meet their obligations 
by purchasing offsets from qualifying emis-
sions reductions projects, including carbon 
sequestration in agricultural soils. However, 
the effectiveness of such a mechanism needs 
a solid regulatory framework to support purely 
voluntary exchanges. For instance, the Chicago 
Climate Exchange (CCX) in North America, 
which began in 2003 including over 350 
companies and the public sector in the USA, 
Australia, Brazil, China, India and Costa Rica, 
traded 35 million tonnes (Mt) of CO

2 equiva-
lents, from which sequestration in soils con-
tributed to 46% of these. But for trading of soil 
carbon to be an efficient mechanism, the price 
of soil carbon needs to be attractive to farmers, 
and currently voluntary markets are under-
valuing soil C. In fact, in 2010, the exchange 
of carbon credits ceased due to their low price 
(Holderieath et al., 2012).

A second possibility is using direct 
payment schemes to incentivize individ-
uals to accumulate soil carbon. These are so-
called soil carbon incentive payment (SCIP) 
schemes and are akin to payments for en-
vironmental services (Ferraro and Kiss, 2002; 
Kinzig et  al., 2011). An emergent body of 
the theoretical literature (Antle and Diagana, 
2003; Antle et al., 2003; Antle and Stoorvo-
gel, 2008) has analysed the potential effects 
of soil carbon contracts with small farmers 
in developing countries to solve the reason 
for market failure. Such contracts imply 
 direct payments to farmers and require 
them to adopt certain land-use or manage-
ment practices. Such contracts would 
allow a flexible opt-in and opt-out approach 
by farmers without compromising the long- 
term permanence of soil carbon stocks, and 
thus without imposing excessive oppor-
tunity costs on farmers in the form of uncer-
tainty about the long-term benefits of changed 
land management, commodity price uncer-
tainty and other inherent risks associated 
with small, semi-subsistence agricultural 
systems.
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Based on three case studies, they fo-
cused on regions with extensive soil deg-
radation. In Machakos (Kenya), the carbon 
contracts required farmers to utilize minimum 
amounts of organic fertilizer (600 kg ha–1 per sea-
son) and mineral fertilizer (60 kg ha–1 year–1). 
In Cajamarca (Peru), carbon sequestration 
was based on the adoption of terraces and 
agroforestry; in the Southern Groundnut 
Basin (Senegal), carbon contracts were based 
on the incorporation of crop residues and 
the application of mineral fertilizer.

A carbon payment scheme requires 
ways of measuring how a change in land 
management practices will change the pool 
of soil carbon, and how this would affect 
the various services associated with it, such 
as climate regulation. The carbon payments 
each season could be based either on the 
number of hectares on which these prac-
tices were adopted (a per hectare payment) 
or on the expected amount of carbon se-
questered (a per tonne payment mechan-
ism), the latter being economically more 
efficient because it better guarantees condi-
tionality in areas of a high degree of spatial 
heterogeneity (Antle et al., 2003). That is, 
the contract pays farmers per unit of envir-
onmental service provided. Assuming that 
after the incentive scheme is in place farm-
ers adopt those land-use and management 
practices that maximize economic returns 
(adjusted for risk if farmers are risk averse), 
Antle and Stoorvogel (2008) simulated the 
effects of such contracts on soil carbon 
stocks. The results showed that carbon 
contracts would increase the adoption of 
carbon sequestering practices significantly, 
with the adoption of soil carbon- enhancing 
agricultural practices being rather sensitive 
to the payment per expected soil carbon 
 enhancement, or price of carbon, and other 
factors such as transaction costs. The simu-
lation output also suggested that sufficiently 
high carbon payments could enhance the 
sustainability of small farmers’ production 
 systems, since increased use of organic fer-
tilizers and the incorporation of crop res-
idues and other organic matter was assumed 
to stabilize production by, for example, im-
proving the soil’s water-holding capacity. 
However, such enhanced sustainability would 

not occur in contexts associated with ini-
tially high rates of land degradation unless 
the payments were exceedingly high.

Similarly, The Australian Soil Carbon 
Accreditation Scheme (ASCAS) pays farm-
ers for agricultural practices such as no-till 
farming in order to enhance soil carbon 
(Jones, 2007). The payments are determined 
by validated soil carbon increases above 
initial baseline levels determined for each 
 so-called ‘defined sequestration area’ in crop-
ping and grazing land, so vary according to 
rates of carbon capture. SCIPs are calculated 
at one-hundredth of the 100-year rate, which 
is usually the time frame for timber carbon 
contracts in Australia, at AUS$25 t–1 CO2 
equivalent. For example, for a 0.15% increase 
in soil carbon, approximately 23.1  t  C  ha–1 
(84.78  t  CO2 equivalent  ha–1), the price per 
hectare is AUS$21.19 ha–1. For an increase of 
0.30% in a second year, the price paid in 
year 2 is AUS$42.39 ha–1, and for an increase 
of 0.45% in year 3, the price paid at that 
point would be AUS$63.58  ha–1, summing 
127.16 ha–1 over 3 years (Jones, 2007).

Other examples around the world in-
clude the World Bank’s BioCarbon Fund 
that provides payments to Kenyan small-
holder farmers to improve their agricultural 
practices through the Kenya Agricultural 
Carbon Project, in order to increase both 
food security and soil carbon sequestration 
(World Bank, 2010). Similarly, in 2009, the 
Portuguese government introduced a soil 
carbon offset scheme based on dryland pas-
ture improvement, involving around 400 
farmers in about 42,000 ha by establishing 
perennial pasture (Watson, 2010).

Conclusion

First, this chapter outlines the main rationale 
for identifying the economic value of soil 
carbon. Second, the different components of 
values are described and their relationship to 
human well-being is classified. Finally, sug-
gestions are made as to how potential soil 
carbon values can be realized. 

Soil carbon relates in different ways to 
human well-being. Most notably, first, soil car-
bon has a significant role in the maintenance 
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of regulating ecosystem services, such as cli-
mate regulation. Second, soil carbon also has 
a role in the production of private goods as 
agricultural food production. In a classifica-
tion of the role of soil carbon in agricultural 
production, it is important to distinguish be-
tween impacts on mean yield and the impact 
on the variability of yield in response to en-
vironmental and climate variability. The dif-
ferent ways in which soil carbon is valued 
has important implications for policy design. 
The value of soil carbon in climate regula-
tion  relates to the benefits to current and 
 future society as a whole. Therefore, policy 
schemes need to align benefits at temporal 
and spatial scales quite different to the scales 
that influence potential private opportunity 
costs in agriculture. Incentives to invest in 
soil carbon for robust future agricultural pro-
duction have a very different distribution of 
costs and benefit. In this case, both benefit and 
costs accrue largely to the private agents, how-
ever much uncertainty and ignorance about 
costs and benefit may be involved. The chap-
ter reviews current payment for ecosystem 

services schemes to give an overview of the 
experiences of constructing incentive schemes 
for the conservation and restoration of soil 
carbon, which is to capture some part of its 
wider societal value and distribute it to those 
who may forego the private benefits for doing 
so. Designing schemes to encourage private 
agents to take long-term perspectives on agri-
cultural management and for the prudent 
handling of risks is important to encourage 
private self-protection. Payments for ecosys-
tem services schemes are still in their in-
fancy. Future research needs to acknowledge 
that, in most contexts, multiple services and 
multiple beneficiaries are in place. There-
fore, targeting one form of value generation 
is likely to under-perform in terms of overall 
welfare generation, and equity issues are 
likely to become a major concern in future 
scheme developments. On  the other hand, 
when valuing soil carbon, it is also important 
to recognize the intermediate role of carbon 
in the production of goods and services, lead-
ing to a risk of double counting and an over-
estimation of values.
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Abstract
Soils are the largest terrestrial reservoir of organic carbon, yet great uncertainty remains in estimates 
of soil organic carbon (SOC) at global, continental, regional and local scales. Compared with biomass 
carbon, changes in SOC associated with changes in land use and management, or climate change, must 
be monitored over longer periods. The changes are small relative to the very large stocks present in the 
soil, as is their inherent variability. This requires sensitive measurement techniques and due consid-
eration for the minimum detectable difference (MDD). Relationships between environmental and man-
agement factors and SOC dynamics can be established using experimental field trials, chronosequence 
studies and monitoring networks. Soil monitoring networks (SMNs), for example, can provide infor-
mation on direct changes of SOC stocks through repeated measurements at a given site, as well as data 
to parameterize and test biophysical models at plot scale. Further, they can provide a set of point ob-
servations that represent the (mapped) variation in climate/soil/land use and management at national 
scale, allowing for upscaling. SMNs must be designed to detect changes in soil properties over relevant 
spatial and temporal scales, with adequate precision and statistical power. Most SMNs, however, are 
in the planning or early stages of implementation; few networks are located in developing countries, 
where most deforestation and land-use change is occurring. Within these monitoring networks, sites 
may be organized according to different sampling schemes, for example regular grid, stratified ap-
proach or randomized; different statistical methods should be associated with each of these sampling 
designs. Overall, there is a need for globally consistent protocols and tools to measure, monitor and 
model SOC and greenhouse gas emission changes to allow funding agencies and other organizations 
to assess uniformly the possible effects of the impacts of land-use interventions, and the associated 
uncertainties, across the range of world climate, soils and land uses.
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Introduction

Soils are needed for the production of food, 
fibre and timber, and they provide many 
ecosystem services, largely through the 
beneficiary functions of soil organic matter 
(Victoria et al., 2012). Although soils are the 

largest terrestrial reservoir of organic car-
bon, great uncertainty remains in the esti-
mates of soil organic carbon (SOC) stocks 
and their changes at global, continental, 
 regional and local scales (Kogel-Knabner 
et  al., 2005; Milne et al., 2010; Paustian, 
2012; Smith et al., 2012). Hence the need for 
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a better understanding and quantification 
of the role of soils and the vegetation they sup-
port as natural regulators of greenhouse gas 
(GHG) emissions and climate change. Docu-
menting such changes requires methodolo-
gies for monitoring, reporting and verification 
(MRV) of C stocks and GHG emissions 
that  follow the principles of the United 
 Nations Framework Convention on Climate 
Change (UNFCCC): transparency, consist-
ency, comparability, completeness and ac-
curacy ( Bottcher et al., 2009). The relative 
importance of accurate measurement of the 
different carbon pools will vary across land- 
cover types (IPCC, 2006; Ravindranath and 
 Ostwald, 2008; GOFC- GOLD, 2009; de Brog-
niez et al., 2011). In this respect, the IPCC 
 National Accounting Guidelines recommend 
prioritizing the measurement and monitor-
ing of the most significant carbon pools and 
those with the greatest potential to change 
(IPCC, 2006).

Soil properties vary in space, with depth 
and over time, with different measurement 
errors attached to them (Burrough, 1993). 
Soil monitoring involves the systematic 
measurement of soil properties to record 
their spatial and temporal changes. The as-
sessment of SOC stock (changes), at a given 
site or for a given region, will require analyses 
of OC concentration, bulk density, content of 
coarse fragments (>2 mm) and soil depth. To 
be most effective, however, monitoring activ-
ities should consider a larger set of soil vari-
ables (e.g. Morvan et al., 2007), as well as 
information on the main biophysical (climate, 
terrain, soils and land use/vegetation or ‘activ-
ity’ data) and socio-economic drivers of change 
(e.g. Lambin, 1997; Ravindranath and Ostwald, 
2008; de Brogniez et al., 2011). These vari-
ables may be recorded within the framework 
of a larger soil monitoring network (SMN) or 
a specific land use and management project. 
They are also needed for modelling possible 
changes in SOC stocks and GHG emissions us-
ing a range of empirical and process-based tools 
(see  Chapter 17, this volume).

Several steps are needed in any meas-
urement protocol to produce credible and 
transparent estimates of net changes in  carbon 
stocks. These include: (i) designing a monitor-
ing plan, including delineation/ mapping of 

(project) boundaries, stratification of the pro-
ject area, determining the type and number 
of sample plots, selection of C pools to be 
considered and appropriate procedures for 
their measurement, and frequency of monitor-
ing; (ii) sampling procedures for field data 
collection for estimating above- and below-
ground carbon stocks (mainly, above- and 
belowground tree biomass; dead wood in 
standing and downed trees; non-tree vegeta-
tion; litter and duff; and SOC). In addition to 
this, consistent procedures are needed to 
analyse the results; for soil properties, these 
should include a quality assurance and qual-
ity control plan (IPCC, 2006; Ravindranath 
and  Ostwald, 2008; de Brogniez et al., 2011). 
The focus of this chapter is on monitoring 
soil carbon changes.

Key issues on SOC monitoring and 
 sampling/analysis approaches are discussed 
in this paper, based on a review of the recent 
literature. Drawing from this, main methodo-
logical requirements and general recom-
mendations are proposed for ‘good soil 
monitoring practice’.

Soil Monitoring Networks

Purpose

The primary reasons for collecting most 
forms of natural resources data are to reduce 
risks in decision making and to improve the 
understanding of biophysical processes (Mc-
Kenzie et al., 2002; Ravindranath and Ost-
wald, 2008; de Brogniez et al., 2011). Soil 
monitoring may be defined as the systematic 
measurement of soil properties with a view 
to recording their temporal and spatial vari-
ations. SMNs generally comprise a set of 
sites/areas where changes in soil characteris-
tics are documented through periodic assess-
ment of an extended set of properties (Morvan 
et al., 2008; Arrouays et al., 2012). To be most 
effective, SMNs have to be integrated with other 
activities that generate  essential knowledge 
for natural resource management, including 
land resource  surveys,  environmental/land-use 
history, field experiments and simulation mod-
elling (Morvan et  al., 2008; Ravindranath 
and Ostwald, 2008; Desaules et al., 2010). 
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The complementary benefits of mapping, 
monitoring and modelling are summarized 
in Table  16.1 (McKenzie et al., 2002). Map-
ping, for example, is needed to stratify land-
scapes according to climate, soil type and 
land use to forecast possible GHG changes for 
the main source and sink categories (i.e. forest 
land, cropland, grassland, wetlands and 
other lands), as considered in the IPCC guide-
lines (IPCC, 2006; Milne et al., 2012).

Methodological considerations

General

There are three main approaches (experi-
mental field trials, chronosequence stud-
ies and monitoring networks) to determine 
the relationships between environmental 
and management factors and SOC dynam-
ics (van Wesemael et al., 2011). A wide 
range of studies have been published on 
statistical and other methods of environ-
mental monitoring indicating that it is 
often cumbersome for a practitioner to ex-
tract the relevant information from these 
diverse materials. For example, the sam-
pling area (block support), number and 
kind of (sub)samples, depth of sampling, 
range of parameters to be measured and 

analytical methods for their measurement 
often differ from one SMN to another (e.g. 
Morvan et al., 2007; GOFC-GOLD, 2009; 
Batjes, 2011b; Lark, 2012). The objective 
of the SMN and its complexity will largely 
determine which statistical methodology 
should be used, as there are trade-offs be-
tween the different classes of design. A de-
tailed discussion of the different statistical 
approaches needed to analyse  random, 
grid-based or stratified monitoring schemes, 
however, is beyond the scope of this chapter 
(see, for example, De Gruijter et al., 2006; 
Allen et al., 2010).

Temporal and spatial scales  
versus detection limits

Some soil properties can be monitored eas-
ily; this includes those properties that vary 
least spatially, are responsive to manage-
ment intervention and are the easiest to 
measure. Compared with biomass carbon, 
changes in SOC associated with changes in 
land use and management or climate change 
must be monitored over longer periods. The 
changes in SOC are small relative to the 
very large stocks present in the soil, as well 
as the inherent variability, which requires 
sensitive measurement techniques and due 
consideration for the minimum detectable 

Table 16.1. Complementary benefits of mapping, monitoring and modelling. (From McKenzie et al., 2002, 
with permission from CSIRO.)

Complementary relationship Benefits

Mapping → Monitoring • Spatial framework for selecting representative sites
• System for spatial extrapolation of monitoring results
• Broad assessment of resource condition

Monitoring → Mapping • Quantifies and defines important resource variables for mapping
• Provides temporal dimension to land suitability assessment (including risk 

assessments for recommended land management practices)
Modelling → Monitoring • Determines whether trends in specific land attributes can be detected 

successfully with monitoring
• Identifies key components of system behaviour that can be measured in a 

monitoring programme
Monitoring → Modelling • Provides validation of model results

• Provides input data for modelling
Modelling → Mapping • Allows spatial and temporal prediction of landscape processes
Mapping → Modelling • Provides input data for modelling

• Provides spatial association of input variables
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difference. Further, monitoring protocols must 
be designed to detect changes in soil proper-
ties over relevant spatial and temporal 
scales, with adequate precision and statistical 
power. For example, the effect of  climate 
change on SOC is observed more readily at a 
broad scale than at a smaller spatial scale 
(Wang et al., 2010). Alternatively, the preci-
sion required for reporting possible avoided 
emissions, expressed as metric tonnes 
CO2-equivalent, will be different (i.e. higher) 
for a strict ‘compliance’ (e.g. Kyoto type) 
than for a ‘voluntary’ (e.g. Chicago Carbon 
Exchange (CCX)) project on the carbon- 
offset market (Kollmuss et al., 2008). For the 
latter, C sequestration is generally seen as 
an additional benefit next to improving food 
security, resilience, biodiversity and human 
well-being/livelihood (Milne et al., 2010).

Sampling design and statistical methods

The main difficulty in assessing changes 
in SOC level at the field, landscape and re-
gional scale is not linked to the accuracy 
of SOC analysis in the laboratory but to the 
 design of an efficient sampling system (De 
Gruijter et al., 2006; Conant et al., 2010). 
Garten and Wullschleger (1999) were among 
the first to introduce the concept of minimum 
detectable difference (MDD). This concept is 
based on the Central Limit Theorem and pro-
vides the smallest difference between two 
sampling campaigns that can be detected, 
taking into account the number of samples 
and the variance of the SOC. According to 
Spencer et al. (2011), a national SMN should 
enable detection of broad-scale changes in 
SOC related to multiple drivers such as land 
use, management and climate change. Such 
an SMN should contribute to the under-
standing of the regional C cycle by detecting 
changes in soil fertility and fluxes of CO2 
 between the soil and the atmosphere. Saby 
et  al. (2008) applied the MDD concept to 
evaluate the statistical power of SMNs to 
detect a certain change in SOC stock. The 
parameters of the European SMNs such as 
sampling design, the coordinates of the 
monitoring sites and the number of  sampling 
campaigns were obtained from questionnaires 

completed within the framework of the 
 Environmental Assessment of Soil for Mon-
itoring (ENVASO) project (Morvan et  al., 
2007), while the variance of the SOC within 
European countries was estimated based on 
the SOC map of Jones et al. (2005). Overall, 
the variance of SOC concentrations increases 
from Mediterranean countries to colder and 
more humid north European countries where 
extensive areas of organic soils occur. As the 
density of the monitoring sites varies widely 
between European countries, the MDD is 
generally high, ranging from 10 to 30 g C kg−1 
in Nordic countries (Estonia, Luxembourg, 
Latvia, Northern Ireland and Finland) to 
less than 5 g C kg−1 in southern countries 
or countries with a dense SMN (England 
and Wales, Bulgaria, Italy, Greece, Hungary, 
 Romania, France, Portugal, Spain, Belgium, 
Austria and Malta) (Saby et al., 2008). Given 
an expected mean rate of SOC change of 
0.6% C year−1 (Bellamy et al., 2005), the 
relatively dense SMNs in most countries will 
detect such a change in close to 10 years. 
Similarly, Schrumpf et al. (2011) recom-
mend continuous soil monitoring for SOC 
at time intervals of 10 years as a compromise 
between detectability of changes and tem-
poral shifts in trends. It should be noted 
here, however, that this is longer than the 
duration of many land use and management 
projects that involve the measurement of 
SOC stock changes (i.e. for the baseline and 
at the end of the project). Alternatively, some 
countries use an interval of 5 years (see 
Table 16.2).

Spencer et al. (2011) evaluated the po-
tential of an SMN on US agricultural lands 
to detect changes in SOC. They combined 
model-based changes in SOC, as produced 
by the Century model for the UNFCCC re-
porting, with the variance of the estimates 
of the model runs at a subset of the 186,000 
National Resources Inventory sites (NRI). 
The results of these model runs indicate that 
the slope of the standard error against the 
sample size declines after model runs at 
6000 NRI sites. They argue that an a priori 
knowledge of the variance per strata allows 
an optimal allocation of sampling units, 
 resulting in an efficient use of resources for 
establishing an SMN.
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Table 16.2. Summary of soil monitoring networks and sample design. (From van Wesemael et al., 2011.)

Belgium Germany Mexico New Zealand Sweden USA Australia Brazil Canada China

Objective National  
SOC 
monitoring

National  
SOC 
monitoring

National  
SOC 
monitoring

National  
SOC 
monitoring

National  
SOC 
monitoring

National  
SOC 
monitoring

Baseline  
SOC for  
land use/soil 
 combinations

SOC response 
to land use/
management 
change

SOC response  
to land use/
management 
change

Regional  
SOC 
monitoring

Region 
covered

Cropland and 
grassland  
in southern 
Belgium

Cropland  
and  
grazing 
land

Forest and 
non-forest 
land in 
particular 
pasture and 
shrubs

All regions 
and land 
uses

Cropland 
~3 Mha

Cropland  
and 
grazing 
land in  
the USA

Cropland and 
grazing landb

Rodônia and 
Mato Grosso

No-till sites in 
 Saskatchewan 
province

North-east 
(120 sites), 
north (241),  
east (356), 
south (119), 
north- 
west (148), 
south- 
west (97)

Starting  
date

National Soil 
Survey 
1950–1970; 
resampled 
2004–2007

November 
2010

Started in 
2003; each 
year 1/5 of 
the sites  
will be 
resampled

National soils 
database 
from 1938. 
Land use 
and carbon 
analysis 
system 
(LUCAS) 
started in 
1996a

Full scale in 
1995,  
some  
data from 
1988

Planned July 2009 2007 1997 78% started 
before 1985 
and 87.5% 
continued 
until at  
least 1996

Site density 
(km² per 
site)

18 km² 64 km² 78 km² 202 km² 10 km² Croplands: 
438 km²; 
grazing 
lands:  
1040 km²

Total number 
of locations 
is not known 
at this time.

N/A N/A N/A

Site  
selection

Stratified Grid Grid Stratified Grid Stratified Stratified Stratified Stratified Stratified
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Soil  
sampling

Sub-
samples

Composite Composite Composite Single Composite Composite Composite Composite Composite Composite

Depth 0–30 cm and 
0–100 cm

10 cm slices 
until 
100 cm

0–30 cm and 
30–60 cm

Variable, 
sampled by 
soil horizon; 
in 2009, 
1235 
samples to 
30 cm

0–20 cm; 
40–60 cm

10 cm slices 
until  
75 cm

0–10, 10–20  
and  
20–30 cm

0–10; 10–20; 
20–30; 
30–40 cm;

0–10; 10–20; 
20–30; 
30–40 cm;

0–20 cm

Frequency Once, but  
can be 
resampled 
in future if 
funding is 
available

Every 
10 years

Every  
5 years

Resampling  
is ongoing

1995 and 
2005 
done, will 
be 
repeated 
every 
10 years

Each point 
will be 
sampled 
every  
5–10 years

Once, but can 
be resampled 
in future 
if funding is 
available

Once Sampled in  
1997, 1999, 
2005 and  
2010

Annual 
sampling 
from 2010

aLUCAS network: http://www.mfe.govt.nz/issues/climate/lucas/.
b For consistency across the programme the Australian Land Use and Management (ALUM) Classification is used (http://www.daff.gov.au/abares/aclump/pages/land-use/alum- 
 classification-version-7-may-2010/default.aspx).

http://www.mfe.govt.nz/issues/climate/lucas/
http://www.daff.gov.au/abares/aclump/pages/land-use/alum-classification-version-7-may-2010/default.aspx
http://www.daff.gov.au/abares/aclump/pages/land-use/alum-classification-version-7-may-2010/default.aspx
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Following up from the review of Euro-
pean SMNs (Morvan et al., 2007), the Joint 
Research Centre of the European Commis-
sion has launched an initiative to sample 
the topsoil at 22,000 points of the Land Use/
Cover Area Survey (LUCAS project, see 
Montanarella et al., 2011). LUCAS is based 
on the visual assessment of land-use and 
land-cover parameters that are deemed rele-
vant for agricultural policy. The soil sam-
pling at the LUCAS points carried out in 
2009 will produce the first coherent pan- 
European physical and chemical topsoil 
database. This topsoil survey resulted in a 
consistent spatial database of the soil cover 
across Europe, based on standard sampling 
and analytical procedures. A stratified sam-
pling design was implemented to produce 
representative soil samples for major land-
forms and types of land cover of the partici-
pating countries.

Further initiatives for national SMNs 
were retrieved from a questionnaire that 
was sent to participants of a special session 
at the SOM 2009 conference in Colorado 
Springs, USA (Table 16.2). Some SMNs are 
designed to estimate country-specific land-
use or management effects on SOC stocks, 
while others collect soil carbon and ancil-
lary data to provide a nationally consistent 
assessment of SOC conditions across the 
major land-use types. The SMNs in Brazil 
and Canada use a paired-site approach in 
order to detect the SOC response to specific 
land management (no-till in Canada and con-
version from forest to agriculture in Brazil). 
These are stratified by ecoregion or typical 
farming system. Three out of eight national 
inventories have a grid design, and the re-
mainder are stratified according to land use, 
soil type and climate regions.

Spencer et al. (2011) give a comprehen-
sive overview of the statistical consider-
ations to be taken into account for an SMN. 
The three possibilities are simple random 
sampling, stratified sampling or grid-based 
sampling. Although random sampling is 
conceptually the simplest option, it can be 
difficult to implement and carries the risk 
of  leaving aside some regions. Grid-based 
 sampling is a practical and efficient tech-
nique and generally results in a better esti-
mation of the variable of interest and an 

even distribution across the whole domain. 
A stratified approach allows for allocation of 
a greater number of samples in strata with a 
higher variability in SOC stocks. Generally, 
samples are allocated randomly within strata. 
Strata can be defined according to major cli-
mate, land-use and soil-type combinations. 
Such an approach has the advantage that 
SOC stock changes can be linked directly to 
the categories used for reporting by the UN-
FCCC (see Ravindranath and  Ostwald, 2008). 
Using the results of Century model runs, 
Spencer et al. (2011) discuss the statistical 
power of different attribution approaches for 
sampling points to the strata.

It has been shown that marking indi-
vidual sampling sites with either a physical 
marker (e.g. ball marker 3M, Austin, Texas) 
or precise positioning using a Differential 
Global Positioning System (DGPS) is the most 
efficient in order to decrease the MDD for 
eventual re-sampling in the future (Fig. 16.1). 
Generally, a composite sample, which in-
volves taking subsamples and bulking them, 
is taken according to a fixed spatial pattern 
(Table 16.2). Studies of subsampling error of 
monitoring sites are crucial for interpretation 
of results and changes (Arrouays et al., 2012).

Error propagation

Error propagation methods have been used 
to estimate the contribution of the different 
variables required to calculate SOC stocks 
(C concentration, bulk density, stoniness 
and soil depth) (Goidts et al., 2009). Overall, 
the spatial variability of topsoil SOC stocks 
is larger in grasslands than in croplands 
(Schrumpf et al., 2011). Although the main 
source of uncertainty in the topsoil SOC stock 
varied according to scale, the variability of 
SOC concentration and of the stone content 
were the largest. When assessing SOC stock at 
the landscape scale, one should focus on the 
precision of SOC analyses from the labora-
tory, reducing the spatial variation of SOC, 
and use equivalent masses for SOC stock 
comparison (Goidts et  al., 2009).

Sampling depth

Organic layers at the soil’s surface need to 
be sampled separately from the underlying 
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organo-mineral soil. A common practice is 
to sample mineral layers both by depth in-
crement in the site as well as by pedogenetic 
horizons in a soil pit, located in close prox-
imity to the monitoring site (Arrouays et al., 
2012) or in the centre of the monitoring plot 
(Fig. 16.2). Sampling to depths greater than 
20–30 cm is recommended (Table 16.2, also: 
Batlle-Bayer et al., 2010; Schrumpf et al., 
2011), as adoption of too shallow a sampling 
depth may preclude the conversion to SOC 
stock on an equivalent mass per area basis 
(Ellert and Bettany, 1995), which is the recom-
mended practice (Wendt and Hauser, 2013). 
Consideration of a fixed depth for reporting 
possible SOC changes will further ignore 
the effect of land-use change induced modi-
fications in bulk density (e.g. compaction). 
Estimation of SOC stocks based on a definite 
soil mass per area, however, accentuates 

differences in sites and soil cores as com-
pared to the fixed depth method, due to the 
negative relationship between SOC concen-
tration and bulk density (Schrumpf et al., 2011). 
For pragmatic reasons, the IPCC method for 
national inventories considers SOC stock 
changes expressed on a volume basis to 
30 cm depth (IPCC, 2006; Ravindranath and 
 Ostwald, 2008), which is a simplification 
(Batjes, 2011a; Wendt and Hauser, 2013).

Analytical procedures

Most organizations implementing SMNs use 
long-established laboratory methods, and these 
can vary greatly between and within coun-
tries (Pleijsier, 1989; De Vos and Cools, 2011). 
This diversity can pose problems when using 
results from existing SMNs (Cools et  al., 2006; 

First vertex is
random point

from centre point

Subplot A

Subplot BBall markerSubplot C

6 m

18 m
5.

2 
m

Soil sample
location

Samples shifted 30 cm
on successive sample
periods

Point
location

5.
2 

m

10.4 m

Fig. 16.1. Possible layout for a soil-monitoring site. (From Spencer et al., 2011, with kind permission of 
Taylor & Francis.)



196 N.H. Batjes and B. van Wesemael 

Morvan et al., 2008). Adoption of a common 
standard (e.g. ISO TC 190 Soil Quality), how-
ever, would preclude comparison with earl-
ier historic records, unless a set of reference 
samples could be analysed using both the 
new and ‘old’ methods. For example, dry 
combustion for SOC may be advocated rather 
than the more commonly used and cheaper 
Walkley and Black method, requiring the de-
velopment of correction factors for incom-
plete oxidation (Lettens et al., 2007; Matus 
et al., 2009; Meersmans et al., 2009).

Harmonization may be defined as the 
minimization of systematic differences be-
tween different sources of environmental 
measures (Keune et al., 1991). There are some 
opportunities for harmonizing historic data 
obtained using different analytical methods, 
for example using regression analysis, but 
these are limited (Vogel, 1994; Cools et al., 2006; 
 Panagos et al., 2013). Generally, a comprehen-
sive comparison will require the establishment 
of benchmark sites devoted to harmonization 

and intercalibration of conventional soil 
analytical methods (Wagner et al., 2001; 
Kibblewhite et al., 2008; Morvan et al., 2008; 
Gardi et al., 2009). For each of these sites, 
key soil properties should be measured ac-
cording to several (commonly used) analyt-
ical procedures, as well as the new standard 
reference method (e.g. ISO TC 190). In prin-
ciple, this would allow comparison with re-
sults from earlier campaigns through the 
use of pedotransfer functions, which, inher-
ently, will add uncertainty to the predicted 
values. There are no studies yet to assess 
how many calibration sites would be neces-
sary for the world and how these sites may 
best be geo-located (Arrouays et al., 2012); 
interlaboratory comparisons remain critical 
here (van Reeuwijk, 1998; Cools et al., 2006).

Novel measurement techniques

Cost-effective techniques are needed to pro-
cess the bulk of data derived from large 
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soil-monitoring programmes. Visible and 
near infrared (Vis-NIR) and mid-infrared 
(MIR) reflectance spectroscopy have pro-
duced good results for the prediction of SOC 
content (McBratney et al., 2006; Shepherd 
and Walsh, 2007; Viscarra et al., 2010). Air-
borne imaging spectroscopy has been used 
for mapping topsoil properties ( Ben-Dor 
et al., 2008). This technique provides good 
results for mapping the SOC content in the 
plough layer of bare soils (i.e. in seedbed 
condition).

The prediction of topsoil SOC content 
from remotely acquired spectral data is 
generally based on an empirical approach. 
Reference soil analyses of samples col-
lected in the field are related to the spectral 
information through a multivariate calibra-
tion model used to predict the SOC values 
at locations for which there are no meas-
ured SOC data (Stevens et al., 2012). Sev-
eral multivariate calibration models were 
developed to predict the SOC content in 
the plough layer of bare cropland fields in 
an airborne imaging spectroscopy scene of 
420 km2 in Luxembourg. For such large 
areas, the model performance depends 
strongly on the validation technique. The 
root mean square error of the most stringent 
validation procedure (excluding the fields 
used in the calibration) was equal to 
4.7 g C kg−1. Although this uncertainty is 
probably not good enough for the estima-
tion of SOC stocks in individual fields, it 
can be used for regional mapping of SOC 
content and provides a unique insight into 
the spatial pattern of SOC content within 
fields (Fig. 16.2; Stevens et al., 2010). In all 
cases, however, conventionally measured 
SOC (dry combustion) in reference labora-
tories is necessary to calibrate the new 
techniques, and to build spectral libraries 
needed for the extension of spectral meas-
urements in unsampled areas (Shepherd 
and Walsh, 2007; Bartholomeus et al., 2008; 
Terhoeven-Urselmans et al., 2010). Further, 
as techniques and standards for soil ana-
lyses are evolving continuously, it is good 
practice to preserve soil samples from 
SMNs so that they may be re-analysed in 
the future ( McKenzie et al., 2002; Shepherd 
and Walsh, 2002; Arrouays et al., 2012).

Upscaling and Modelling

Typically, soil-monitoring activities encom-
pass several decades of measurements (which 
implies long-term commitment from fund-
ing agencies and researchers). Appropriate 
data management tools are required to store 
the various data, check for errors and re-
trieve selected data for sharing and analysis 
(Cools et al., 2006; Lacarce et al., 2009; Batjes 
et al., 2013). The range of soil and ancillary 
data collated through SMNs and similar field 
sampling programmes should be stored in a 
(freely accessible) information system to 
support geostatistical analyses and model-
ling (see Chapter 17, this volume). At present, 
however, external access to SMN data is often 
restricted to the metadata (Morvan et al., 2008; 
Panagos et al., 2013), thereby greatly reducing 
their value to the scientific community and 
society.

In particular, there is a need for glo-
bally consistent protocols and tools to 
measure, monitor and model SOC changes 
and GHG emissions so that funding agen-
cies and other organizations can assess 
uniformly the possible impacts of land-use 
interventions and climate change, as well 
as the associated uncertainties, across the 
range of world climates, soils and land 
uses. An example of such an integrated fa-
cility is the online Carbon Benefits Project 
tool developed for the Global Environmen-
tal Facility (GEF). It includes both empir-
ical as well as process- based modelling 
approaches, which can be chosen based 
on the user requirements and available 
data through a user guidance module (Milne 
et  al., 2010, 2012). Whether monitoring 
or modelling SOC dynamics/processes, the 
key issue is how to address complex issues 
of spatial and/or temporal variability at the 
scale of interest (Cerri et al., 2004; Maia 
et  al., 2010; Smith et al., 2012). Oppor-
tunities include the use of ancillary data, 
scale- specific methods, development of 
spectral libraries, digital mapping of soil 
carbon and better integration of remote- 
sensing technologies into empirical and 
simulation SOC models (Grunwald et  al., 
2011; Croft et al., 2012; Minasny et al., 
2013).
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Conclusions

Based on the materials reviewed here, some 
basic methodological requirements and re-
commendations can be proposed for ‘good 
SOC-monitoring practice’ to support scien-
tific and policy decisions. These include: 
(i) the provision of long-term continuity and 
consistency under changing boundary condi-
tions, such as biophysical site conditions, cli-
mate change, methodologies, socio- economic 
setting and policy context; (ii)  adoption of 
a  scientifically and politically (e.g. for UN-
FCCC) appropriate spatial and temporal reso-
lution for the measurements; (iii) ensuring 
continuous quality assurance at all stages of 
the measurement and monitoring process; 
(iv) measurement/observation and docu-
mentation of all potential drivers of SOC and 
GHG change; and (v) georeferenced samples, 
collated through SMNs, archived and the as-
sociated ( harmonized) data made accessible 
through distributed databases to enhance the 
value of the collated data for multiple uses. In 
addition to this, SMNs should be included in 
a broader cross-method validation programme, 
ultimately to permit spatially and tempor-
ally validated comparisons both within and 
between countries.

The most common sampling design of 
SMNs aimed at monitoring regional/national 
SOC stocks is either stratified (according to 

soil/land use/climate) or grid based. Large 
countries with a low sampling density (<1 site 
per 100 km2) generally prefer a stratified 
 design so as to include all important units. 
The (expected) variability within these units 
should be determined to assess the optimal 
number of samples for each stratum. Such 
an approach will allow a statistical analysis 
of trends in SOC stocks for the soil/land use/
climate units under consideration as an al-
ternative or test for process-based models.

The establishment of SMNs poses vari-
ous scientific, technical and operational 
challenges. The former are being addressed 
by various groups, such as the Soil Monitor-
ing Working Group established in 2010 by 
the International Union of Soil Sciences 
(IUSS). From an operational point of view, to 
implement an integrated monitoring system 
it will be crucial to overcome initialization 
costs and unequal access to monitoring tech-
nologies. For the developing countries, this 
will require international cooperation, cap-
acity building and technology transfer.
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Abstract
Models that describe the dynamics of soil organic carbon (SOC) can be useful tools when estimating 
the impacts of land cover, land management and climate change on ecosystems. The development of 
SOC models started with single-compartment models that assumed a constant decomposition rate. As 
understanding of SOC dynamics improved, these were replaced by models with different compart-
ments with varying decomposition rate constants. Models that deal with the decomposition of SOC as 
a continuum have been developed, but they require complex mathematics and are therefore less popu-
lar. Compartmentalized soil carbon models are at the core of complex models such as CENTURY and 
DNDC, which describe nutrient turnover in the entire ecosystem both above and below ground. The 
majority of such models have been developed using data from temperate ecosystems as studies on SOC 
stock change in temperate areas outnumber those from tropical areas. Application to tropical and sub-
tropical areas therefore requires substantial parameterization and testing, and the availability of appro-
priate data sets remains a challenge.

The majority of SOC models were originally developed to model dynamics at the plot scale. 
Empirical methods to estimate SOC stock changes at the landscape to regional scale have been used 
successfully but are limited in their ability to predict future change. Linking dynamic SOC models to 
large-scale data sets using geographic information systems offers a way of estimating SOC change across 
large areas. However, account needs to be taken of the uncertainties associated with using multiple data 
sets with different scales. Uncertainties arise due to errors in process descriptions and imprecision in 
input data, and it is important that these are quantified against independent experimental measure-
ments of the appropriate output values. As the scale of simulation increases, the precision of input data 
tends to decrease. It also becomes more difficult to quantify accurately the uncertainty in the simula-
tions. These issues need to be addressed if the results of simulations are to be applied in a rigorous way.
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Introduction

Soil organic matter (SOM, usually meas-
ured and expressed as content of soil or-
ganic carbon (SOC)) is a major determinant 
of the physical, chemical and biological 

properties of soils (Chapter 1, this volume). 
As such, gaining an understanding of how 
SOC levels will change under different envir-
onmental and anthropogenic circumstances 
is important. Models that simulate the turn-
over of organic carbon (C) in the soil are 
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well established. They use mathematical re-
lationships to describe the transformation 
of plant and animal material into organic 
matter under varying climatic and geo-
graphical circumstances, which in turn af-
fect conditions in the soil (texture, moisture 
content and temperature). Application of 
SOC models is wide and varied. They can 
be used at the small scale to give farmers an 
indication of how much organic C to expect 
following different land management prac-
tices. They can be used to estimate soil C 
stocks across areas of similar land-use cat-
egories or land management activities where 
measured data are limited. In addition, they 
are also used in national greenhouse gas 
(GHG) inventories and to make projections 
about future soil C stocks under different 
land use and climate scenarios in climate 
change mitigation projects. In this chapter, 
we explore the history of SOC models and 
how they can be applied at different scales. 
We then consider the uncertainties associ-
ated with their use and research gaps in our 
current understanding.

Brief History of SOC Models

In 1941, Jenny developed a model for the 
turnover of nitrogen in soil (Jenny, 1941). 
This was then elaborated by Henin and Du-
puis (1945), to describe the decomposition 
of organic C. They realized that during the 
initial decomposition of plant material, ni-
trogen was retained in the soil, whereas C 
was lost rapidly as CO2, and therefore a 
modification of Jenny’s model was needed 
(Jenkinson, 1990). By the end of the 1950s, 
Henin and Dupius’s model had been fitted 
to varying data sets and modified further 
(Bartholomew and Kirkham, 1960; Nye and 
Greenland, 1960). In the model, the soil 
contains a pool of humus (fAc), and yearly 
inputs of C from plant material are assumed 
to decompose, according to first-order kin-
etics, to add to this pool. The model can be 
described by Eqn 17.1, where C is the or-
ganic C content in the soil, t is the time in 
years and k is the fraction of this C decom-
posing each year (Jenkinson et al., 1994).

C = fAc/k + (Co – fAc/k)e–kt (17.1)

Plant material decomposes rapidly in the 
first few months of addition to the soil, and 
more slowly from then on. This leads to the 
deduction that at least two different frac-
tions of organic matter (and therefore or-
ganic C) exist, a labile fraction with a fast 
turnover time and a more resistant, stable 
fraction with a slow turnover time (Sauer-
beck and Gonzalez, 1977). In addition, the C 
to nitrogen ratio in plant material varies, 
making it unlikely that all plant material has 
the same decomposition rate. Sugars and 
proteins break down first, followed by cellu-
lose and finally lignin (van Keulen, 2001). 
These two facts spurred the development of 
models with multiple compartments, each 
with different decomposition rates.

Many multicompartmental models were 
developed to describe the decay of varying 
types of plant material in the first few days 
to months of addition to the soil (Hunt, 
1977; Smith, 1979; McGill et al., 1981). 
Models of the longer-term turnover of or-
ganic C (10s to 100s of years) were fewer, as 
long-term data sets were needed to develop 
and parameterize models, and few of these 
existed at the time (a problem which per-
sists today). The best-known early multi-
compartmental model is RothC, which was 
first devised in the 1970s (Jenkinson and 
Rayner, 1977) and is still in wide use 
today, be it in a modified form (Coleman and 
Jenkinson, 1996). RothC was developed us-
ing the long-term fertilizer experiments at 
Rothamsted Agricultural Research Station 
(UK), which provided unique data on the 
turnover of C in soils over a period of nearly 
150 years (Jenkinson and Rayner, 1977). A 
challenge encountered in the development 
of RothC, universal to all models of the 
longer-term turnover of SOC, was finding data 
sets to test the model which were independ-
ent of those that had been used to develop 
it. The long-term experiments at Rothamsted 
provided a means of doing this. In essence, 
RothC has two compartments for incoming 
plant C, decomposable material (DPM) and re-
sistant material (RPM). These then decay at 
different rates, according to first-order pro-
cesses, to two more compartments; biomass 
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or humified organic matter with CO2 evolved 
during the process. In addition, there is a 
small pool of inert organic matter with a 
turnover time too slow to detect. Soil tem-
perature and moisture modify the rates of 
decomposition. The partition of C to either 
CO2, biomass or stabilized humus material 
is adjusted for soil texture (Coleman and 
Jenkinson, 1996).

This multicompartmental approach has 
been used in the majority of models that 
deal with the long-term turnover of C in 
soils, the main difference between models 
being the number of pools and associated 
rate constants. Short-term turnover rates 
can be determined by decomposition stud-
ies. For longer-term turnover, techniques 
have been employed that use natural label-
ling of SOM using stable 13C tracers, labelling 
of SOM with ‘bomb’ 14C and/or 14C-dating 
techniques (von Lutzow et al., 2007). In 
reality, these pools are hypothetical, with 
decay being a continuous process. How-
ever, representing this in a model involves 
developing different equations for numerous 
individual types of plant material (Agren 
and Bossata, 1987) and has therefore proved 
less popular.

RothC requires the user to provide data 
on plant material inputs to the soil. In the 
1980s and 1990s, several models were de-
veloped that linked plant growth models to 
SOM models, the purpose being to describe 
nutrient turnover both above and below 
ground. One example is CENTURY, devel-
oped using data from long-term experiments 
in the American Great Plains. CENTURY has 
a three-pool SOM model, two litter pools 
(often counted as SOM in conventional 
measurements) – metabolic and structural, 
which are roughly analogous to the DPM 
and RPM in RothC, three plant productivity 
submodels and a water budget model (Par-
ton et al., 1988). Throughout the 1980s and 
1990s, many models were developed using 
different data sets in different climate and 
soil regions. In 1996 (updated in 2001), 
model descriptions and metadata were 
brought together in a report by the SOM net-
work (Smith et al., 1996a). In addition, 
Smith et al. (1997) carried out a comparison 
of nine of the most frequently used SOM 

models by testing them using data sets from 
a range of land uses. They found six of the 
models (RothC, CANDY, DNDC, CENTURY, 
DAISY and NCSOIL) performed better than 
the rest across a range of conditions.

The majority of SOC models were devel-
oped primarily to describe the dynamics of 
C in aerobic conditions in mineral soils. 
Fewer have been developed specifically for 
flooded soils and peatlands. By the 2000s, 
the need for models that could describe C 
dynamics in the large global C stock repre-
sented by  peatlands had been recognized. 
The ECOSSE model was developed in re-
sponse to this need, taking a multicompart-
mental approach in the same way as RothC 
(on which it is partially based), but including 
calculations that account for the domination 
of CH

4 evolution under anaerobic conditions 
(Smith et al., 2010). In recent years, the SOC 
modelling community has started to explore 
the use of different approaches such as bio-
climatic envelope models to estimate C 
stocks and changes in peatlands at the re-
gional to global scale with models such as 
PEATSTASH (Gallego-Sala et al., 2010).

Application to Different Climates  
and Land Covers/Uses

The application of SOM models to different 
environments, soils, land uses and climates 
is dependent on the data available for their 
development and evaluation. Models can be 
used to interpret observations at a particular 
site, to predict what might happen at another 
site or to predict SOM turnover in the future. 
If a model is used only to interpret what is 
occurring in a particular laboratory or field 
experiment, it can be run using just the data 
available in that experiment. However, if the 
application is predictive, simulations of the 
inherently long-term processes of SOM turn-
over must be tested against independent 
data. Such applications cannot be developed 
adequately by testing simulations against 
laboratory or short-term field data alone. Easy 
access to long-term experimental data has 
therefore controlled the development of such 
models, as long-term experiments (of at least 
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25 years duration) have not been estab-
lished for all environments, soils, land uses 
and climates.

The early developments of SOM models, 
therefore, focused on sites where long-term 
experimental data were easily available. For 
example, the CENTURY model was devel-
oped first for grassland systems, against data 
from long-term sites in the northern Great 
Plains of the USA (Parton et al., 1988); the 
RothC model was developed for arable, 
grassland and forestry systems using data 
from the Rothamsted classical experiments 
(Jenkinson and Rayner, 1977). Because of 
this constraint, following the prevalence of 
long-term experiments, more SOM models 
have been developed in temperate regions 
and on mineral soils than in tropical sys-
tems or on highly organic soils.

If we aim to use SOM models to deter-
mine global changes in soil C stocks, it is im-
portant that models be expanded to include 
the wide range of soils and conditions found 
around the world. Jenkinson et al. (1991) 
used RothC to simulate changes in global C 
stocks and noted that RothC was not suit-
able for use in anaerobic conditions. Smith 
et al. (2007) also noted that RothC could not 
be used to simulate SOM turnover in highly 
organic soils. The establishment of SOM-
NET, a network of long-term experiments 
and models (Powlson et al., 1998), opened 
up the way to further developments of SOM 
models by providing access to a wider range 
of long-term experiments to allow adequate 
testing of long-term simulations.

Models have been developed to include 
the impact of nutrient limitations on SOM 
turnover. For example, RothC was expanded 
to include nitrogen (N) limitation on de-
composition if the organic and mineral N 
content of the soil was inadequate to main-
tain a stable C:N ratio in the decomposed 
material (SUNDIAL, Bradbury et al., 1993). 
The CENTURY model includes N, phos-
phorus (P) and sulfur (S) limitation in a 
similar way, but uses a more complex ap-
proach that assumes immobilization of nu-
trients by decomposition of structural plant 
material and allows mineralization of nutri-
ents from metabolic plant residue and the 
SOM pools according to different stable C to 

nutrient ratios for each organic matter pool 
and using a range of values for the stable ra-
tios (Parton et al., 1988).

The impact of anaerobic conditions on 
decomposition has been described very 
simply in the ECOSSE model (developed 
from RothC and SUNDIAL by Smith et al., 
2010) using a moisture rate modifier for 
 decomposition that shows a linear decline 
in its value above field capacity. Similarly, 
anaerobic conditions are described in 
CENTURY as a linear decline in the rate of 
 decomposition above a fitted parameter de-
fining partial anaerobic conditions, up to 
another fitted parameter defining the soil 
as fully anaerobic (Parton et al., 1993; 
Chimner et al., 2002). In flooded anaerobic 
wetlands, particularly those undergoing 
cycles of wetting and drying, the effect of 
alternative electron acceptors in the soil 
(i.e. NO

3
−, Mn4+, Fe3+ and SO4

2− ions) be-
comes important and influences strongly 
the production of methane during anaer-
obic decomposition (van Bodegom and 
Stams, 1999). In some models, this effect 
is accounted for by simulating the pattern 
of decline of reduction (redox) potential 
(e.g. Cao et al., 1995). The Wetland-DNDC 
model estimates the redox potential of the 
soil layers in the saturated zone from ob-
served patterns of variation in soils under 
fluctuating water table or continuously 
submerged conditions (Zhang et al., 2002). 
Other models simulate the behaviour of al-
ternative electron acceptors directly, so 
avoiding the need to estimate redox poten-
tial (Matthews et al., 2000).

In order to simulate highly organic 
soils, some authors have developed new 
models, specifically designed to simulate 
the different processes occurring in organic 
soils (e.g. Frolking et al., 2001). An alterna-
tive approach modifies existing models for 
mineral soils for use in organic soils; this 
has the advantage that the adapted model 
can be applied seamlessly across the full 
range of soil types found in the landscape, 
but the models may be less well adapted to 
describe processes in organic soils than a 
purpose-built model. The ECOSSE model 
uses the description of anaerobic conditions 
and nutrient limitation, with added rate 
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modifiers describing the impact of low pH, 
to extend simulations to highly organic as 
well as mineral soils (Smith et al., 2010). 
The CENTURY model uses a similar approach 
(Zhang et al., 2002). While CENTURY simu-
lates plant growth and senescence, and there-
fore detrital C entering the soil (subject to 
decomposition), ECOSSE is initialized us-
ing an equilibrium run to determine the size 
of SOM pools and plant inputs needed to 
achieve steady state at the measured C con-
tent. This is a more robust approach for soils 
in steady state, but organic soils usually ei-
ther accumulate C, due to the slow rate of 
decomposition compared to the plant in-
puts, or lose C, due to a land-use change that 
has disturbed the previously accumulating 
system. The size of soil C pools can be esti-
mated if the rate of accumulation or degrad-
ation is known. However, the rate of accumu-
lation or degradation is often unknown in 
larger-scale simulations. Alternative methods 
are needed for dealing with soils that are 
not in steady state, especially as the scale of 
simulations increases.

Simulation of SOM turnover under 
tropical conditions has to date been re-
stricted by the lack of available data due to 
the complex and often inaccessible nature 
of tropical ecosystems, especially peatlands 
(Farmer et al., 2012). The effect of the 
higher temperatures found in tropical sys-
tems on the long-term dynamics of SOM 
has not been widely tested. Simulations of 
the decomposition of the large fragments of 
woody materials often found in tropical 
peat swamps have also not been well tested 
against long-term data.

The impact of salinity on the rate of de-
composition and plant inputs has also not 
been widely incorporated into SOM models. 
This was simulated by Setia et al. (2012) us-
ing a rate modifier derived from laboratory 
and field experiments and a reduction fac-
tor for the plant inputs. This has not, as yet, 
been widely tested against long-term field 
experiments due to the lack of suitable data 
on a range of saline soils.

Volcanic soils pose another set of chal-
lenges, associated with adequately simulat-
ing the protection of SOM by the inorganic 
minerals in the soil. Shirato et al. (2004) 

modified the decomposition rate constant of 
the humus pool in RothC to account for pro-
tection of the humus by aluminium (Al) 
complexation. The rate constant was modi-
fied according to the content of pyrophos-
phate extractable aluminium in the soil. 
This modified version of RothC has been 
shown to improve simulations of four long- 
term experiments on andosols in Japan. Fur-
ther evaluation of this approach against 
long-term experiments on other volcanic 
soils is needed.

Modelling SOC at Different Scales

The majority of SOC models were originally 
developed to model dynamics at the plot 
scale, as this is the scale at which experi-
mental data are available. There are there-
fore numerous examples of application of 
different SOC models to plots under culti-
vated and native land use and following 
land-use transitions (Paustian et al., 1992; 
Li et al., 1994; Powlson et al., 1996; Leite 
et al., 2004). Many models have been tested 
and parameterized at the plot scale for dif-
ferent climate and soil conditions across the 
globe. Plot-scale studies typically represent 
homogeneous conditions, and are therefore 
limited in their applicability to other sites.

At the other end of the scale, global es-
timates of SOC change have been made us-
ing models that work on large grids (0.5° × 
0.5°) of the global surface. These are then 
linked to soil, climate and ecosystem type 
and use either a single pool or very general-
ized models to describe SOC turnover (King 
et al., 1997). Problems arise when we try to 
use such approaches at a smaller scale due 
to generalizations.

With growing interest in the role of soil 
C in the mitigation of climate change, a need 
to estimate SOC stocks and changes at the 
national to subnational scale has been recog-
nized. Large-scale estimates require model-
ling in some form, both to scale up estimates 
of SOC stocks and to make projections of 
stock changes through time. The IPCC com-
putational method was devised for national 
scale GHG accounting including SOC stock 
change (IPCC, 2004). It computes changes 
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over time in a one-step process assuming a 
linear rate of change over a given period 
(the default being 20 years). It has been used 
in regional-scale assessments, showing most 
success when incorporating detailed regional 
data (Grace et al., 2004). Other studies have 
used regression approaches to estimate SOC 
stock changes at the regional scale, extrapo-
lating several long-term experimental data 
sets into the future (Gupta and Rao, 1994; 
Smith et al., 2000). Others still have used 
more complicated regressions based on spa-
tially explicit soil databases (Kern and John-
son, 1993; Kotto-Same et al., 1997).

As pointed out by Falloon et al. (2002), 
such regression approaches fail to capture 
the dynamic nature of SOC change. This is 
particularly relevant when looking at SOC 
change following a change in land use, as 
SOC tends to deplete rapidly at first, then 
more slowly. In order to capture these dy-
namics, studies have linked dynamic SOC 
models (originally developed at the plot 
scale) to large-scale data sets using geo-
graphic information systems (GIS) to make 
estimates at the regional to subnational 
scale. This allows many of the site-scale ob-
servations of SOC dynamics to inform larger- 
scale assessments (Paustian et al., 1997). 
Paustian et al. (1995) outlined the approach 
needed to link spatial data sets of soils, cli-
mate and land-use information to the CEN-
TURY model, and this was subsequently 
used to make state and regional assessments 
of SOC stock change in the USA (Paustian 
et al., 2001, 2002). Other examples of this 
approach include Falloon et al. (1998), who 
linked the RothC model to GIS layers of 
soils, climate and land-use data for a 25,000 
km2 area of central Hungary. The methods 
developed by Paustian et al. (1995) were 
used to develop the GEFSOC Modelling 
System, a tool that allows the user to make 
large-scale assessments of SOC stocks and 
changes (Easter et al., 2007; Milne et al., 
2007). The tools have been used to make 
national-scale (Al-Adamat et al., 2007; Kamoni 
et al., 2007) and subnational-scale (Bhattacha-
rryya et al., 2007; Cerri et al., 2007) assess-
ments, but could be applied at any scale 
providing data are available to parameterize 
and run the models.

The scale that perhaps presents the 
most challenges for SOC modelling, and 
any estimation of SOC stock change, is the 
landscape scale. Issues arise with data col-
lation and adequate representation of het-
erogeneous land covers/uses. Also, at this 
scale, SOC stocks under fragmented land 
covers such as hedgerows or urban green 
spaces gain in significance (Viaud et al., 
2010), and these are difficult to model. An-
other area where SOC modelling is in need 
of further development is in the horizontal 
transport and deposition of C, the relevance 
of which changes with scale. Some SOC 
turnover models include estimates of C loss 
from erosion, but few deal with deposition 
to another area or loss of dissolved C (Tip-
ping et al., 2007).

Uncertainties in Modelling SOC

Uncertainty in large-scale simulations has 
two components: uncertainty due to inad-
equacies in the model (referred to by Beven, 
2002, as structural errors), and uncertainty 
due to reduced detail and precision in data 
available at large scale (referred to here as 
input errors). If a model is to be applied at 
large scale, uncertainty in the simulations 
is likely to be greater than at field scale, due 
to the reduced detail of input data avail-
able. For example, detailed management 
factors of crops, such as sowing date and 
timing of fertilizer applications, cannot 
usually be specified when the resolution of 
the simulations is larger than the size of 
the management unit; the resolution of the 
simulation might be a 1 km2 grid cell, whereas 
the size of a management unit might be a 
5 ha field, so there will be many different 
values for the management factors within 
each 1 km2 cell. Uncertainty in simulations 
at large scale is also greater than at field 
scale, due to the reduced precision of the 
input values; for example, the C content of 
the soil in a 10 ha field can be  measured 
precisely, and the error in the  measure-
ment defined using replicates, whereas for 
applications at larger scale, the soil C con-
tent is often determined for 1 km2 grid cells, 
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with the C content estimated from typical 
or averaged soil C values for the major soil 
types identified in the cell (Batjes, 2009).

The uncertainty due to the structural 
and input errors can be quantified by evalu-
ating the model at field scale, but  using only 
input drivers that are available at the larger 
scale. In order to represent the uncertainty, 
a range of sites across the whole area to be 
simulated should be included in this field-
scale evaluation. Good model performance 
is indicated statistically by simulations and 
measurements that are both coincident (in-
dicating a close fit) and associated (indicat-
ing the trends in measurements are repli-
cated) (Smith and Smith, 2007). The degree 
of coincidence can be used to represent the 
size of the uncertainty in the simulations.

Where measurements are replicated, the 
coincidence between simulated and meas-
ured values can be expressed as the ‘lack of 
fit’ statistic, and the significance of the coin-
cidence determined using an F-test (Whit-
more, 1991). If a data set is not replicated, 
the degree of coincidence can instead be de-
termined by calculating the total error as 
the root mean squared error and the bias in 
the error as the relative error (Loague and 
Green, 1991; Smith et al., 1996b, 1997). The 
structural and input errors should be calcu-
lated separately to allow the source of errors 
to be understood and reduced, but the com-
bined errors are then used to determine the 
accuracy of the model simulations at large 
scale.

SOC Models in Practical  
Application Today

Soil organic C models are in use today in 
many areas, including research of SOC dy-
namics and agricultural studies to estimate 
the long-term impacts of fertilizer and ma-
nure additions. They are also used increas-
ingly in the reporting of GHG emissions. For 
national GHG inventories compiled for the 
United Nations Framework Convention on 
Climate Change (UNFCCC), reporters are re-
quired to estimate emissions of GHGs from 
soils under different land use and land-use 

change situations. The IPCC provide their 
computational model for this (IPCC, 2006). 
In addition, tools such as the Agriculture 
and Land Use National GHG Inventory 
Software (http://www.nrel.colostate.edu/
projects/ALUsoftware) have been developed 
to make application of the method easier; 
however, the IPCC also encourage countries 
to use more sophisticated models where 
possible (IPCC, 2006).

With increasing interest in climate change 
mitigation potential from the agriculture, 
forest and land-use sector, agencies that 
fund land management activities are look-
ing for ways to estimate the climate change 
impact of their activities. The US govern-
ment has funded development of an online 
tool, COMET-VR, which allows farmers to 
estimate C sequestration and net GHG emis-
sions from soils for farms in the USA. This 
allows farmers to take part in the US govern-
ment’s voluntary reporting of GHGs scheme. 
COMET-VR links a large set of databases con-
taining information on soils, climate and 
management practices to run the CENTURY 
ecosystem simulation model dynamically 
to estimate soil C stocks and changes (COMET- 
VR, 2012). The user supplies basic land 
management information to the online sys-
tem essentially to run a highly complex eco-
system model.

There are also examples of SOC models 
being used in the voluntary C market. The 
Verified Carbon Standard (VCS) recently ap-
proved a protocol that uses the RothC model 
in the estimation of SOC stock changes 
under sustainable land management pro-
jects – SALM (VCS, 2011). It is expected 
that more protocols involving models will 
be approved by the voluntary market as 
 user-friendly interfaces are developed, mak-
ing models more accessible. To date, several 
international funding agencies have devel-
oped their own tools for the reporting of C 
changes (including SOC). In the main, these 
are based on the IPCC method, examples 
being the Carbon Benefits Project’s Simple 
and Detailed Assessments (Milne et al., 
2010), FAO’s EX-Act and the Cool Farm 
Tool. New reporting tools are likely to 
emerge in the near future, with continuing 
advances in graphical user interfaces that 

http://www.nrel.colostate.edu/projects/ALUsoftware
http://www.nrel.colostate.edu/projects/ALUsoftware
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allow ‘non-experts’ to run SOC models and 
advances in web-based technologies for the 
management of spatial data. However, there 
are limitations, and more investment is still 
needed in the development of simple tools 
that can be applied in those areas of the globe 
most likely to experience dramatic change in 
SOC over the coming decades, e.g. the trop-
ics and areas dominated by peatland.

Conclusions

Some researchers have recently suggested 
that, in order to make any further progress, 
a paradigm shift is needed in SOM model-
ling (Schmidt et al., 2011). They argue that 
because the biotic and abiotic environment 
of the organic matter are as important in de-
termining the C residence times of organic 
matter as the molecular structure of the ma-
terial itself, organic matter should be de-
scribed not by decay rate, pool stability or 
level of ‘recalcitrance’, as in the current 
models, but instead by quantifiable envir-
onmental characteristics governing stabil-
ization, such as solubility, molecular size 
and ‘functionalization’. While it is still un-
clear how such factors would be carried 
forward or used in dynamic simulations, 
it should also be noted that the character-
ization of pools in the current approaches 
 already encompass both the biotic and abi-
otic factors impacting decomposability. We 
should guard against denying the huge 
amount of progress that has already been 
made in SOM modelling using the current 
approaches.

In the above discussion, we have shown 
how models can be used to quantify and re-
port changes in soil C. We have discussed 
how they can be used to determine the im-
pacts of land cover, land management and 
climate change on ecosystems in a range of 
different environments and at scales from 
plot to global. There are some environments 
to which the models are not yet well suited, 
but little by little, we are progressing our de-
scription of SOM dynamics to one that is 
able to cover the majority of soil environ-
ments given the appropriate input data to 
drive the model.

As the scale of simulation increases, 
the precision of input data tends to de-
crease, and it becomes more difficult to 
quantify accurately the uncertainty in the 
simulations. Reducing and quantifying the 
uncertainty in large-scale simulations is a 
key issue in SOM modelling if we are to 
have confidence in the figures they report 
and if they are to be of real value in in-
forming policy decisions. However, most 
progress in reducing uncertainty is likely 
to be made by improving the quality of 
data available to drive models, in combin-
ation with developments in the models 
themselves.

The accuracy of large-scale simulations 
could be improved by developing better 
methods to initialize SOM models. A range 
of different methods has been used to ini-
tialize models. An approach that is robust at 
large scales uses the assumption of steady 
state to interpolate national soil C databases 
and to initialize the pools in the model in a 
way that characterizes the activity of the 
SOM (Smith et al., 2005). This approach 
can reduce errors in simulations compared 
to the alternative approaches that estimate 
the initial pool size using typical values for 
a particular soil type.

However, one problem associated with 
the approach is the availability of accurate data 
on which to base the initialization. Although 
soil C is a standard soil parameter, reported in 
most soils databases, it is often estimated from 
a statistical sample of measurements for the 
particular soil type; the soil C value is then 
given for the major soil classifications in the 
grid cell (e.g. Batjes, 2009). More accurate esti-
mates of soil C for each grid cell would im-
prove the accuracy of simulations greatly, and 
it is in this area that a paradigm shift might 
generate most advances.

The assumption of steady state does not 
hold for some soil types, and development 
of mathematical approaches to initialize 
soils that are not in steady state would be 
a  huge step forward. The development of 
methods to measure the soil pools rapidly 
would  provide another way of solving this 
problem. While a range of fractionation tech-
niques encompassing physical, biological 
and chemical fractionations have shown 
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some success (Zimmermann et al., 2007b), 
a more rapid method of characterizing soil 
pool sizes is needed for larger-scale simu-
lations. Zimmermann et al. (2007a) have 
devised a method that may have potential to 
solve this problem using MIR spectroscopy 
as a rapid characterization of pool size; 
these methods need further development, 
especially in non-mineral soils.

For many years, modellers and experi-
mentalists have worked separately on a 
problem that is reliant on both measure-
ments and simulations for a solution. Future 
work requires modellers and experimental-
ists to work together to provide predictions 
of SOM decomposition that will be reliable, 
widespread and universal, and so provide 
their full potential value in informing policy.
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Abstract
Valuation of soil carbon can be understood as the process for assigning ‘weights’ to soil carbon when 
these are inadequately represented in decision making processes. There are different types of weights 
or ‘values’ that can be assigned to soil carbon. One approach is to assign monetary weights to such re-
sources using economic valuation models. The total set of such monetized weights is referred to as total 
economic value (TEV). The different components of the value of soil carbon differ both conceptually 
and with respect to how they can be measured or manifested. There are various methods for quantifying 
soil carbon values that differ with respect to the types of values they are suitable or able to assess. This 
chapter reviews the various valuation approaches that can be applied to estimate different components 
of the TEV of soil carbon. In this respect, it discusses how soil carbon values can be estimated through 
both stated and reveal preferences methods, and places particular emphasis on the production function 
approach. In addition other approaches are presented, including the preventive or mitigation expend-
iture (marginal abatement costs) approach and the social cost of carbon approach. Lastly, the chapter 
addresses the question of how economic values can be included in economic decision making processes. 
Three main alternatives are explored in terms of their advantages and disadvantages: cost–benefit 
analysis (CBA), multi-criteria analysis (MCA) and cost-effectiveness analysis (CEA).
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Introduction

‘The fundamental challenge of valuing eco-
system services lies in providing an explicit 
description and adequate assessment of the 
links between the structure and functions of 
natural systems, the benefits (i.e. goods and 
services) derived by humanity, and their 
subsequent values’ (Heal et al., 2005, p. 2). 
Many authors argue that natural ecosystems 
are assets that produce flows of beneficial 
goods and services that, in principle, should 

be valued in a similar manner to other eco-
nomic goods and services (e.g. Fisher et al., 
2008; Gómez-Baggethun et al., 2010; Balm-
ford et al., 2011). However, attempting to 
measure and value many environmental as-
sets is problematic compared to conventional 
economic or financial assets (e.g. Limburg 
et al., 2002; Barbier, 2007; Farley, 2008; Span-
genberg and Settele, 2010).

Many of the benefits that humans re-
ceive from soil carbon can be categorized as 
intermediate ecosystem services (Boyd and 
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Banzhaf, 2007) – also referred to as indirect 
ecosystem services (Kaiser and Roumasset, 
2002), or supporting ecosystem services 
(MA, 2005). Intermediate ecosystem ser-
vices are not directly appropriated by hu-
mans in order to increase human well-being; 
rather, they contribute to directly appropri-
ated (or final) goods and services. Examples 
of final goods and services supported by soil 
carbon include the provision of food and 
fibre via improved nutrient cycling (e.g. Rei-
cosky, 2003; Lal, 2004) or soil erosion con-
trol (Kibblewhite et al., 2008) and flood 
control (Urban et al., 2010; Hopkins and 
Gregorich, 2013), water quality via improved 
soil structure (Aitkenhead et al., 1999; Rawls 
et al., 2003) and air quality (Qian et al., 
2003), and climate regulation through the 
sequestration of atmospheric carbon (Lal, 
2004). The often ‘hidden’ nature of the ser-
vices provided by soil carbon provides sig-
nificant challenges in attempts to evaluate 
their contribution to human well-being.

Valuation of Intermediate  
Ecosystem Services

Many standard economic methods for valu-
ing ecosystem services are inappropriate or 
difficult to apply directly to the valuation 
of soil carbon. Stated preference methods – 
which seek to elicit values through the 
direct questioning of individuals’ willing-
ness to pay (WTP) or willingness to accept 
(WTA) some marginal change in the object 
of choice (Boxall et al., 1996) – cannot be 
used easily to value changes in soil carbon, 
as individuals are generally insufficiently 
informed to ascribe monetary values mean-
ingfully to such hidden services (Abson 
and Termansen, 2010). Moreover, a general 
problem with stated preference methods is 
that they are not based on the observed be-
haviour of individuals and are therefore 
open to methodological bias (e.g. Murphy 
et al., 2005). While it has been suggested 
that stated preference methods can be ap-
plied to value ecosystem functions (Bark-
mann et  al., 2008), these methods have, 
with a few exceptions (e.g. Colombo et al., 
2006; Takatsuka et al., 2009), rarely been 

applied directly to value the ecosystem ser-
vices associated with soils.

Similarly, revealed preference methods –  
which use related, surrogate market values 
(often land value, or housing prices) as prox-
ies with which to identify the value of a good 
or service that does not have a market price 
(Phaneuf et al., 2008) – are difficult to apply 
to the valuation of soil carbon. The benefits 
that flow from soil carbon are not always re-
ceived directly by the individuals making 
economic choices regarding management of 
this ecological good. For example, the bene-
fits of flood control or water-quality regulation 
often accrue to individuals who have made 
no economic choice in the management of 
soil carbon. Therefore, proxy market values, 
such as agricultural land values, provide 
no information regarding those individual’s 
preferences for flood control or water-quality 
regulation. However, for some ecosystem 
services related to soil carbon, insights can 
be gained from observations of the value of 
the final services and their association with 
soil carbon as an input factor. Such valuation 
approach is often termed the production 
function approach.

The Production Function Approach  
to Valuing Soil Carbon

Valuing carbon based on the value of the 
final marketed goods produced (Chee, 2004; 
Gómez-Baggethun et al., 2010) may also be 
challenging because of the intermediate na-
ture of many of the services provided by 
soil carbon. Soil carbon often represents a 
single factor, among many in the provision 
of ecosystem goods and services that are 
directly valued in the market. For example, 
agricultural productivity may be increased 
via careful management of soil carbon (Lal, 
2004), but the actual productivity of a given 
agricultural field depends on many other 
management decisions such as labour in-
puts, application of fertilizers, herbicides 
and pesticides, appropriate choice of culti-
vars, etc. Using the market value of the final 
services appropriated by humans (such as 
the market value of agricultural crops) runs 



216 D.J. Abson et al. 

the risk of double counting, as soil carbon 
represents only a single factor of production 
in the provision of these services (Fu et al., 
2011; Johnston and Russell, 2011).

The production function approach, 
however, provides a potential tool for dis-
entangling the contribution of soil carbon to 
many directly valued ecosystem services. 
The production function approach, or sim-
ply ‘valuing the environment as input’, is 
used increasingly to value some key eco-
logical services, such as those arising from 
the regulatory and supporting functions of 
ecosystems (Barbier, 2007). In the context of 
valuing soil carbon, production function 
methods would use the input–output rela-
tionship of soil carbon to some market good 
or service (Pearce and Moran, 1994). For ex-
ample, the value of soil carbon in nutrient 
cycling in agricultural soils can be revealed 
by estimating the impact that a change in 
soil carbon has on agricultural yields, which 
in turn are related to the market value of the 
agricultural goods. The change in the mar-
ket value of agricultural goods (due to the 
change in soil carbon in the land used to 
produce those agricultural goods) provides 
an estimate of the economic value of soil 
carbon as a productive input in the provi-
sion of agricultural goods. This is essen-
tially a dose–response approach between 
the soil carbon and a market commodity.

Valuing the ecosystem services related 
to soil carbon using the production func-
tion approach requires two unique sources 
of knowledge. First, knowledge on the eco-
logical processes, components and functions 
related to soil carbon that generate useful 
final services, and second, knowledge on the 
way in which these services translate into 
specific benefits for humans (Barbier, 2007). 
The production function method can be dir-
ectly applied where only the producers of 
the final market good benefit from changes 
in the quantity of soil carbon (e.g. Hougner 
et  al., 2006; Richmond et al., 2007). In the 
example above, quantification of a marginal 
change in soil carbon on marginal changes 
to agricultural productivity would provide 
knowledge of the functional relations be-
tween soil carbon and a directly consumed 
market good (agricultural production). The 

human welfare benefits of the soil carbon–
agricultural productivity production func-
tion can then be related to the market prices 
of the market good produced. If the market 
price of the agricultural goods to consumers 
is unchanged by the marginal change in soil 
carbon, then the benefits of that marginal 
change can be estimated from changes in 
producer surplus resulting from increased 
income due to increased productivity. Here, 
it should be noted that, if the change in soil 
nutrients changes market prices, it becomes 
much more difficult to estimate benefits. 
When the final goods or services to which 
soil carbon is a factor of production do not 
have explicit market prices (as may be the 
case with water-quality regulation and flood 
protection), then other valuation methods, 
such as replacement cost methods, averted 
behaviour methods or stated preference 
methods, may be used to value the changes 
of those goods or services.

One particular problem with the pro-
duction function approach is the generaliz-
ability of production functions that relate 
soil carbon to some valued final good or ser-
vice. Production functions models generated 
in a particular social-ecological context may 
not represent accurately the same relations 
in other contexts. For example, soil types, 
climatic conditions and landscape typology 
all influence the relation between soil carbon 
content and erosion control. Moreover, the 
value of that erosion control depends critic-
ally on the number of individuals and their 
willingness (or ability) to pay for that ser-
vice. Considerable caution is therefore re-
quired in transferring the benefits accruing 
from soil carbon in one location to other 
contexts. It may be argued that the lack of 
generalizable production functions for soil 
carbon–ecosystem services relations limits 
the application for large-scale analyses.

Valuation of the Role of Soil Carbon 
and Climate Regulation

For climate regulation, sequestration of at-
mospheric CO2 as soil carbon can be concep-
tualized as ‘producing’ lower concentrations 
of CO2 in the atmosphere, thus reducing the 
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damage to humans via anthropocentric cli-
mate change. Putting aside the issues of gen-
eralization previously discussed, then the 
‘ecological knowledge’ required to relate the 
ecological function (accumulation of soil 
carbon) to the valued service (climate change 
mitigation) is relatively simple; that is, the 
accumulation rate of soil carbon and the re-
lationship between sequestered carbon and 
atmospheric CO2 (a simple conversion factor 
of 3.67 from carbon to CO2). However, esti-
mating the welfare effects of such carbon 
 sequestration is problematic. The two major 
approaches to valuing the costs and bene-
fits of soil carbon as a climate regulation 
service include estimating the social cost of 
carbon and the use of marginal abatement 
costs curves.

The social cost of carbon (SCC), or 
shadow price approach, seeks to estimate 
the full effect on social welfare of reducing 
the emission of carbon by an additional unit 
(typically a tonne) over the lifetime of that 
unit of carbon in the atmosphere (Pearce, 
2003). Most SCC estimates utilize an inter-
temporal optimization framework; that is, 
their primary objective is to calculate so-
cially optimum levels of emissions through 
time. The SCC is then defined as the emis-
sions tax required to keep emissions at the 
optimal level. If global greenhouse gas emis-
sions do not follow the optimal emissions 
path assumed by the model, then the esti-
mated SCC will be incorrect (Clarkson and 
Deyes, 2002).

Here, we see that the SCC approach to 
valuing the climate regulating services of soil 
carbon is endogenous to assumed carbon emis-
sions trajectories. The marginal social welfare 
benefits of sequestering atmospheric CO2 as 
soil carbon depends on the total atmospheric 
concentration of atmospheric CO2 and global 
emissions trajectories. The marginal dam-
age of a unit of a CO2 emissions depends not 
only on the atmospheric greenhouse gas 
concentration at the time of emission but 
also on the amount of greenhouse gas emis-
sions discharged over the atmospheric life-
time of the gas – approximately 100 years in 
the case of CO2 (Clarkson and Deyes, 2002). 
The greater the predicted CO2 concentra-
tions, the greater is the marginal  effect on the 

social welfare benefits of sequestering any 
additional units of CO2 in soils.

The exact shape of the damage cost 
function is dependent on the assumptions 
regarding the relations between atmos-
pheric concentrations of greenhouse gases 
and their actual impacts on various aspects 
of human well-being. Given their future fa-
cing nature, these damage cost functions 
tend not to be well justified empirically. For 
instance, when trying to value the impacts 
of climate change, uncertainties arise when 
(i) assessing non-market impacts (such as 
decreased life expectancy), (ii) decisions on 
how damage estimates should be aggre-
gated with regard to income inequality and 
(iii) determination of the ‘correct’ discount 
rate to be applied to future impacts (e.g. 
Downing et al., 2005; Ekins, 2007). A fur-
ther source of uncertainty with the SCC ap-
proach relates to the difficulty in estimating 
future global emissions trajectories. Together, 
these sources explain the extreme ranges of 
SCC estimates found in the literature. For 
example, Tol (2009), in a meta-analysis of 
47 studies (232 estimates), reported a mean 
SCC of €49 t−1 CO2 and a 95th percentile cost 
of €185  t–1  CO2 (with a considerable right 
skew to the distribution).

Alternatively, the marginal abatement 
cost curve (MACC) approach is based on the 
marginal cost of reducing carbon emissions 
by one unit, where a MACC represents the 
relationship between the cost-effectiveness 
of different abatement options and the total 
amount of CO2 abated (DECC, 2009; Bockel 
et al., 2012). There are a wide range of pos-
sible technical solutions to increasing soil 
carbon as a means of abating CO2 emissions, 
yet it is not immediately apparent which 
options deliver the most economically effi-
cient reductions in atmospheric concentra-
tions of CO2. The MACC approach was de-
veloped to facilitate the comparison of the 
cost-effectiveness of different mitigation op-
tions (Bockel et al., 2012). There are two ways 
of generating MACCs: economy-orientated 
top-down models based on a macroeco-
nomic general equilibrium model, providing 
overall cost to the economy; and engineering- 
orientated bottom-up models that build 
MACCs based on the abatement potential 
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and cost for individual technologies or pol-
icy measures (ibid). The MACC approach 
only considers the mitigation potential and 
direct costs of a particular technological or 
policy option. Potential actions may be ex-
cluded from a MACC analysis if they in-
volve serious externalities or run counter to 
other normative goals (such as poverty alle-
viation). MACC models are also endogen-
ous to the assumed abatement targets. Here, 
the rationale is that as abatement targets be-
come increasingly difficult to achieve, the 
costs of reaching those targets for a given so-
ciety, industrial sector or individual are as-
sumed to increase.

The potential advantage of the MACC 
in the context of soil carbon is that the mar-
ginal abatement cost curves can be based on 
a particular economic sector (i.e. agriculture 
or forestry) where the abatement occurs and 
do not require knowledge of global emis-
sions trajectories. Moreover, the advantage 
of the MACC approach over SCC is that the 
abatement costs are based on existing activ-
ities and technologies, and can therefore be 
relatively easily estimated empirically (at 
least in the present time). It has been sug-
gested that the uncertainty in the empirical 
estimates of MACC are of two orders of mag-
nitude less than for SCC estimates (Dietz, 
2007). Nevertheless, as MACC is projected 
into the future, it becomes increasingly un-
certain as new carbon-reducing activities 
are required to meet emission targets and 
new technologies alter the abatement costs.

Joint Production and Ecosystem 
Service Bundles

Where soil carbon provides an intermediate 
service to final goods and services for which 
there is no clearly defined market good or 
service – e.g. regulation of water quality or 
flood control – then the production function 
approach can be used to evaluate the rela-
tions between soil carbon and the physical 
provision of the final service. Subsequently, 
replacement cost methods, averted behav-
iour methods or stated preference methods 
can be used to elicit individuals’ preferences 

for these non-market services. In situations 
where the benefits of increased soil carbon 
do not accrue to the producer (for example, 
as in the case of the regulation of water qual-
ity, as mentioned above), then a production 
function approach should also take into ac-
count the cost or benefits incurred by the 
production of this ecosystem service. This is 
particularly relevant when the management 
of soil carbon jointly produces both private 
goods (such as agricultural commodities) 
and common pool resources (such as clean 
water) or public goods and services (such as 
regulation of floods, climate regulation).

It has recently been suggested that the 
interdependent, or bundled, nature of the 
ecosystem services produced in a given loca-
tion means that they should not be con-
sidered in isolation from each other. Rather, 
different possible bundles of interdependent 
ecosystem services should be quantified and 
valued, in order to allow consideration of the 
trade-offs between the potential provision of 
different sets of goods and services from a 
given ecosystem (e.g. Raudsepp-Hearne et al., 
2010; Martín-López et al., 2012). Methodolo-
gies for identifying ecosystem services bun-
dles are relatively new, with the focus on the 
spatial mapping of individual services and 
the trade-offs between those services (e.g. 
Raudsepp-Hearne et al., 2010; Plieninger 
et al., 2013). Explicit valuation tools directly 
related to ecosystem service bundles are rare. 
One promising approach is the use of stated 
preference methods to elicit values of, and 
the societal preferences for, the different bun-
dles of ecosystem services delivered by vari-
ous types of ecosystems (e.g. Martín-López 
et al., 2012). In this context, different levels of 
soil carbon (and the associated land manage-
ment practices that lead to those soil carbon 
levels) could be used as factors of production 
in different bundles of ecosystems services.

Including Economic Values in 
Decision-making Processes

The methods described above are under-
pinned by the idea of capturing the inten-
sity of people’s preferences as individuals 
for changes in soil carbon. These economic 
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values are ‘relative’, as they are associated 
with how people assign weights to goods 
and services that affect their well-being. 
Such approach lends itself to benefit–cost 
analysis (Wegner and Pascual, 2011). De-
parting from individual preference-based 
methods, alternative valuation approaches 
can be based on participatory valuation. In 
practice, three main alternative approaches 
can be explored in terms of their advantages 
and disadvantages when including eco-
nomic values in decision-making processes: 
cost–benefit analysis (CBA), cost-effectiveness 
analysis (CEA) and participatory multi- 
criteria analysis (MCA) The first approach 
puts all of its emphasis on economic effi-
ciency, while the second relates economic 
efficiency to clearly defined normative goals. 
The third approach has a broader scope in 
terms of different socio-economic criteria on 
which decisions are to be made, such as the 
distribution of resources. All three approaches 
can be applied in the context of evaluating 
soil carbon projects.

There is a burgeoning literature ex-
plaining the use of monetary valuation to be 
integrated in CBA and its merits and draw-
backs, both at the technical level as well as 
from a more philosophical stance (Kelman, 
1981; Pearce, 1998). CBA is being used in-
creasingly to evaluate projects and policies 
that consider ecosystem services to guide 
the selection of projects that deliver max-
imum net benefits from the flow of ecosys-
tem services to society (Daily et al., 2009; 
Wegner and Pascual, 2011).

CBA is an economic evaluation tool that 
characterizes a person as a self-interested 
 individual who attaches value to entities 
only if it benefits his or her own welfare, and 
who is a rational decision maker of consist-
ent choices towards maximizing his or her 
personal welfare. An individual’s welfare is 
then measured by the satisfaction of per-
sonal preferences. In the context of soil car-
bon projects and policies, CBA focuses on 
aggregating individuals’ willingness to pay 
(with a ‘one person one vote’ libertarian 
view) and monetarily quantifying the wel-
fare impacts on society (Pearce et al., 2006). 
The ranking of policy alternatives is based 
on the net present value (NPV) approach, 

and the one with the highest NPV is selected 
as it is assumed to bring about the largest in-
crease in social welfare.

Individual preferences are revealed 
through market-related choices, such as us-
ing the production function approach (see 
above) or, when such markets do not exist, 
through the recreation of hypothetical or 
pseudo-markets (through stated preference 
methods, as explained earlier in the chap-
ter). This approach contains some implicit 
normative choices when reducing the value 
dimension to preference utilitarianism, and 
it categorizes concepts such as freedom by 
individuals’ ability in the marketplace to 
satisfy individual preferences (Niemeyer 
and Spash, 2001; Nyborg, 2012).

A key challenge of using CBA is that if 
different people order preferences according 
to different rules, the aggregation of all pref-
erences on a single scale may not be feasible 
(Nyborg, 2000). In view of this limitation, 
deliberative approaches can be used, espe-
cially when the problems of dealing with 
continuous change, irreversibility, uncer-
tainty and multiple legitimate standpoints 
in society are thought of as being irreducible 
(van den Hove, 2000), and when individual 
preferences may not be held in advance, 
needing to be discovered or elicited. This 
implies the need for values to be socially 
constructed through some form of delibera-
tive communication (Dryzek, 2000). In the 
realm of environmental valuation, Howarth 
and Wilson (2006) note that by effective 
group procedures it is possible to enable par-
ticipants to access relevant information, 
share their perspectives and engage in col-
lective thinking in order to make better in-
formed and articulated group choices than by 
aggregating individual preferences, as done in 
CBA.

One strand of participatory valuation is 
based on multi-criteria assessment methods 
to assess the value of soil carbon in terms of 
multiple socio-economic objectives. Amidst 
the multiple approaches in multi-criteria 
evaluation, social multi-criteria evaluation 
(SMCE) approaches are being developed to 
integrate conflicted values in society through 
the ‘orchestration’ of non-equivalent repre-
sentations of diverse scientific disciplines 
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and social views (Munda, 2008). The use of 
participatory and SMCE processes in envir-
onmental policy and natural resource man-
agement is gaining momentum. The advan-
tage of SMCE is the possibility of taking into 
account the diversity of economic and 
non-economic values that may exist for soil 
carbon without reducing such diversity of 
values to a single, all-encompassing unit of 
measurement such as money. The recogni-
tion of the existence of diverse types of val-
ues, including economic ones, can be in-
corporated by means of qualitative and 
quantitative information, which in turn can 
be represented through cardinal numbers, 
ordinal rankings or fuzzy and crisp ap-
proaches (Munda, 2008). SMCE is based on: 
(i) identification of relevant social actors 
with regard to their confronted interests in 
soil carbon conservation by means of insti-
tutional analysis; (ii) defining the problem 
of the search for sustainable soil carbon; (iii) 
development of alternative soil carbon man-
agement options and the definition of spe-
cific evaluation criteria translated into a 
multi-criteria impact matrix; (iv) assess-
ment of social actors’ preferences and val-
ues through in-depth interviews or focus 
groups; (v) construction of a ranking of the 
available management alternatives by aggre-
gating criteria scores by means of a mathem-
atical algorithm; and (vi) analysis of the ro-
bustness of the analysis by means of a 
public debate and validation.

CEA considers alternative management 
options in which both the relative costs and 
outcomes are taken into account in a sys-
tematic way. It is a decision-oriented tool, 
designed to ascertain which means of at-
taining a particular normative goal are most 
efficient (Levin, 1995). With CEA, the costs 
of different options are expressed in monet-
ary terms, whereas the outcomes are ex-
pressed in more ‘natural’ units (for example, 
level of conservation goals realized). Differ-
ent policy options are then compared via 
the relative ratios of costs of implementa-
tion to the outcomes achieved. The CEA ap-
proach differs from the more ubiquitous 
CBA where both the costs and benefits (out-
comes) of a given option are expressed in 
monetary terms. The application of CEA to 

valuation of soil carbon may be most appro-
priate when soil carbon contributes to eco-
system services or normative goals that are 
not expressed easily in monetary terms. For 
example, the contributions of soil carbon to 
the maintenance of cultural landscapes, 
cultural ecosystem services or conservation 
of biodiversity areas are where CEA might 
usefully be applied. The advantages of CEA 
over CBA approaches are that the resulting 
CEA evaluations of different potential inter-
ventions are often understood more intui-
tively and are less prone to rejection and 
critiques of the commodification of nature. 
However, CEA is limited in its application, 
as (unlike CBA) it can only be used to com-
pare interventions or polices that have com-
monly defined goals.

Conclusions

Valuing changes in soil carbon through its 
contribution to maintaining and producing 
other ecosystem services is becoming in-
creasingly relevant for policy discussions. 
This is due partially to the realization that 
the natural carbon cycle and human ma-
nipulations of the flow of carbon through 
both the economic and natural systems is 
important for understanding the value of 
multiple interdependent ecosystem services. 
Some progress has been made, but there 
are still considerable gaps in the valuation 
methodologies as well as in the empirical 
data to support economic assessment of al-
ternative soil carbon conservation/invest-
ment paths. We highlight three key areas for 
further research development. First, the 
synthesis of the literature suggests that 
there are considerable advantages in devel-
oping further the production function ap-
proaches to value the role of carbon through 
its indirect contribution to a range of eco-
system services, i.e. agricultural food pro-
duction, climate regulation, to name a few. 
For this research to be amenable to eco-
nomic analysis, it is essential that it is taken 
into account that changing soil carbon levels 
is only one component in ecosystem service 
provision. Accounting for other input factors, 
human control variables, as well as abiotic 
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and biotic factors, will be essential for re-
search to generate meaningful economic 
insights. Second, in valuing carbon as an 
input in ecosystem service provision it is 
important to view soil carbon as a natural 
capital stock, from which we value con-
tinuous flows of services. Ignoring the time 
dimensions, accumulation and depletion 
timescales and the mismatch to often rela-
tively shorter-term economic decision making 
processes will risk ignoring the value of car-
bon through its maintenance of the long-term 

productivity of ecosystem service provision. 
Finally, the chapter highlights that devel-
opment of an integrated valuation frame-
work is essential, as the future values of soil 
carbon and the further paths of soil carbon 
conservation are simultaneously determined. 
The potential scale of the impacts from al-
ternative soil conservation strategies is such 
that the economic values of a single unit of 
soil carbon restored cannot be considered 
exogenous to the choice of soil conservation 
strategy.
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Abstract
Global soils store in their first metre three times more carbon than all forest biomass of the world 
 combined, and double the CO2 content of the atmosphere. The natural soil carbon density is controlled 
by climate, soil properties and vegetation. Land-use intensity, drainage conditions and soil type 
( organic versus mineral soils) play an important role in controlling soil carbon losses or gains.

Because of its superficial setting, small bulk density and organic constitution, soil organic carbon 
(SOC) is highly susceptible to water and wind erosion and chemical and physical degradation. The 
major drivers of SOC loss include demand for fuel, overgrazing, arable agriculture and other overex-
ploitation of vegetation. The resulting depletion of the global SOC pool is estimated at 40–100 Pg.

Three global hotspots can be distinguished where environmental and socio-economic conditions 
currently lead to large soil carbon losses:

•	 	Peatlands,	especially	those	in	the	tropics.	Drained	peatlands	on	0.3%	of	the	global	land	area	lose	
around 0.5 Pg C year–1.

•	 	Drylands	 (arid,	semi-arid	and	dry	subhumid	areas).	Degraded	drylands	on	4–8%	of	 the	global	
land	area	(and	home	to	>2	billion	people)	lose	around	0.3	Pg	C	year–1.

•	 	Tropical	forests,	which	experience	large-scale	clearing,	with	the	vast	majority	of	new	cropland	
coming from intact and disturbed rainforests.

The future of SOC will ultimately depend on whether land management will continue to mine soil 
carbon for short-term gains, but with long-term detriment, or whether it will manage to conserve and 
enhance soil carbon. Soil carbon management will thus decide whether a legacy of land resources will 
remain to sustain future generations.

19 Current Soil Carbon Loss and  
Land Degradation Globally: Where  
are the Hotspots and Why There?

Hans Joosten*

*E-mail: joosten@uni-greifswald.de

Introduction

Because of its slow formation (~0.1 mm year−1; 
Pimentel et al., 1995; Stockmann et al., 2014), 
soil is essentially a finite  resource. Soil or-
ganic matter (SOM), the mixture of recogniz-
able plant and animal remains and no longer 

recognizable	humus	(Oades,	1989),	is	a	vital	
element of soil. SOM provides and facilitates 
the biological, chemical and physical cap-
acity of soil to sustain plant growth and is fun-
damental for soil fertility. SOM strongly deter-
mines the formation, stabilization and surface 
area of soil aggregates, total porosity and pore 
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size distribution, aggregate strength, erodibili-
ty and susceptibility to crusting and compac-
tion. It increases plant available water cap-
acity and water infiltration rate, and decreases 
surface runoff. It improves anion and cation 
exchange capacity, thereby enhancing nutri-
ent retention and buffering against changes in 
pH and dissolved elemental concentrations. 
Furthermore, SOM enhances the activity and 
diversity of soil organisms, including earth-
worms, which enrich soil structure, and 
 microbial biomass, which in turn affects C 
turnover and nitrification/denitrification (Lal, 
2012; Fig. 19.1). Managing soils to maintain 
and enhance SOM stocks is therefore crucial 
to safeguard and increase food production 
(see Chapter 10, this volume).

SOM consists of more than half its 
weight in carbon, and is one of the main 
pools of carbon on Earth (see Box 19.1). Al-
though the exact amounts of soil carbon are 
uncertain, it is clear that the top metre of 
soil holds about three times more carbon 
than all the forest biomass of the world 
combined, and around double the CO2 con-
tent of the atmosphere (see Box 19.1; Joost-
en	and	Couwenberg,	2008;	Lal,	2012).	Small	
losses from this large pool may thus have 
significant impacts on atmospheric carbon 
dioxide concentrations. Since the start of 
agriculture, the soil and biotic carbon pools 
have been decreasing, leading to soil deg-
radation and increased emissions of CO2 to 
the atmosphere.
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Fig. 19.1. Effects of soil organic matter on soil quality. (From Lal, 2012.)
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Box 19.1. Earth’s carbon pools 

The largest pool of carbon is the ocean, with 38,000 Pg C (1 Pg = 1 petagram = 1015 g = 109 metric 
tonnes = 1 Gigatonne). Nearly all ocean carbon exists as dissolved inorganic carbon (DIC), largely as 
bicarbonate and carbonate ions, whereas some 1000 Pg C are organic (Houghton, 2007). The geologic 
pool contains 5000–10,000 Pg of organic carbon (as coal, gas and oil) (Lal, 2003; Houghton, 2007). The 
bedrock carbonates may comprise a similar amount of carbon as the ocean, but are normally disre-
garded as being largely immobile. Bedrock carbonates are, however, mobilized through metamorphosis 
in subduction zones or orogenic belts, through weathering at Earth’s surface and anthropogenically 
through mining for lime and cement production.

The soil is the third largest pool of carbon, with an estimated 1550 Pg of soil organic carbon (SOC; 
Eswaran et al., 1993; Batjes, 1996) and 950 Pg of soil inorganic carbon (SIC; Batjes, 1996; Lal, 2004) 
in the top metre and 842 Pg of SOC in the next 2 m of depth (Jobbágy and Jackson, 2000). As data on 
deeper layers are sparse, these estimates are tentative (Lal, 1999). Information is especially incomplete 
for peat soils, which contain a substantial part of their C pool deeper than 1 m (Jungkunst et al., 2012). 
Tarnocai et al. (2009) report that soils of the northern permafrost region contain 496 Pg of C in the top 
metre (i.e. double the amount hitherto reported) and 1024 Pg down to a 3 m depth. Globally, the SOC 
pool to 1 m depth ranges from 30 t ha−1 in arid climates to 800 t ha−1 in organic soils in cold regions, with 
a predominant range of 50–150 t ha−1 (Lal, 2004; Table 19.1).

The Global Distribution of Soil 
 Organic Carbon

The distribution of soil organic carbon 
(SOC) is basically controlled by climate 
(moisture regime, temperature), soil prop-
erties (parent material, clay content, cation 
exchange capacity), vegetation and land 
use. The worldwide distribution of SOC 
roughly reflects the zonal distribution of 
rainfall (McLauchlan, 2006), with more 
carbon occurring in more humid areas 
(Plate 2). Most SOC is found in the nor-
thern hemisphere, simply because it contains 
more land mass in humid climates than the 
southern hemisphere. Also, temperature 
plays an important role in global SOC dis-
tribution (cf. Amundson, 2001), with SOC 
pools decreasing rapidly with increasing 
temperatures (Lal, 2002). Cool conditions – 
in contrast – impede decomposition and 
limit evapotranspiration, so that soils in 
cool climates are – with the same amount of 
rainfall – also wetter than in warm climates. 
That temperature is not a substantial con-
straint on SOC formation is illustrated by 
the occurrence of deep peat deposits in both 
tropical and polar humid areas. Climate in-
fluences both sides of the SOC balance by 
its effect on both input (primary productivity) 
and output (decomposition) (McLauchlan, 

2006). The resulting effects on SOC dynam-
ics are nicely illustrated by the diversity of 
peat accumulation in different parts of the 
Earth:

	•	 low	productive,	upward-growing	moss-
es (Bryophytes) depositing prevailingly 
slightly humified peat in subarctic, bor-
eal and Atlantic (i.e. cold and wet-cool) 
regions;

	•	 downward-growing	rhizomes	and	root-
lets of grasses (Poaceae) and sedges (Cyper-
aceae) producing intermediate humified 
peat in temperate, more continental and 
subtropical parts of the world; and

	•	 deep-rooting	 (lignin-rich)	 roots	of	highly	
productive tall forest trees accumulat-
ing strongly humified peat with sub-
stantial wood remains in the tropics 
(Prager et al., 2006).

Within climatic zones, the amount of SOC 
is determined by soil moisture that is, in 
addition to climate, determined by parent 
material, relief and soil texture. Parent ma-
terial determines the composition and 
content of clay minerals, which generally 
stabilize SOM (McLauchlan, 2006). In verti-
sols, andosols and podzols, complexation 
and chelation between organic matter and 
the inorganic matrix occur, whereas soils 
dominated by kaolinitic clays and rich in 
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iron and aluminium oxides are less prone to 
C storage.

The C content of soils under different 
land cover types varies substantially (Table 
19.1). The soils of savannahs contain rela-
tively little SOC, but the carbon stocks are 
globally significant, as this biome covers 
large areas of land. In contrast, peatlands 
cover	 only	3%	of	 the	 global	 land	area	but	
contain a disproportionately large amount 
of soil carbon, making them the most spa-
tially intensive carbon store among all ter-
restrial ecosystems.

Within the biomes, natural soil carbon 
densities may be modified strongly by land 
use, which may substantially change the car-
bon fluxes to and from the soil. Forests gener-
ally have the largest (all year-round) input of 
recalcitrant material, grasslands a large input 
of often less recalcitrant material, whereas 
croplands have a small input of rather labile 
material only when a crop is growing (Smith, 
2008).	 Within	 the	 land-use	 types,	 land-use	
intensity, drainage conditions and soil type 
(cf. organic versus mineral soils) play a fur-
ther important role in controlling soil carbon 
content, losses or gains.

Mechanisms and Drivers  
of Soil Carbon Loss

Three properties make SOM/SOC highly la-
bile	and	vulnerable	(Lal,	2003).

•	 The	superficial	 setting:	whereas	ocean	
and bedrock carbon is largely physic-
ally inaccessible, SOC lies close to the 
surface and is subject to transport and 
transformation processes.

•	 The	light	weight:	in	comparison	to	silica-	
based soil components (gravel, sand, 
clay), SOM is light. With a bulk density 
only somewhat larger than that of water, 
SOM – when not protected by vegeta-
tion – is transported easily with water 
and wind flows. Erosion preferentially 
removes the light organic fraction.

•	 The	 chemical	 constitution:	 SOM	 is	 –	
indeed – organic, implying that it oxi-
dizes in the presence of O2, in some 
cases completely to CO2 and H2O.

Degradation	of	the	SOC	pool	can	take	four	
main forms (Oldeman, 1992; Plate 10; 
Table 19.2).

Table 19.1. Indicative soil organic carbon pool in various biomes and land cover types. Soil carbon 
stocks refer to the upper metre of soil, except in the case of peatlands. (From Amundson, 2001; Lal, 
2012; Victoria et al., 2012.)

Soil carbon content

Biome Area (106 ha) Mg ha–1 (mean) Mg total

Tundra 880 218 191,840
Boreal desert 200 102 20,400
Cool desert 420 99 41,580
Warm desert 1,400 14 19,600
Tropical desert bush 120 20 2,400
Cool temperate steppe 900 133 119,700
Temperate thorn steppe 390 76 29,640
Tropical woodland and savannah 2,400 54 129,600
Boreal forest, moist 420 116 48,720
Boreal forest, wet 690 193 133,170
Temperate forest, cool 340 127 43,180
Temperate forest, warm 860 71 61,060
Temperate forest, very dry 360 61 21,960
Tropical forest, dry 240 99 23,760
Tropical forest, moist 530 114 60,420
Tropical forest, wet 410 191 78,310
Boreal and subarctic peatland 340 1,340 455,600
Tropical peatland 44 2,000 88,000
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Table 19.2. Global extent of severe water and wind erosion. (From Lal, 2003.)

Land area affected by severe erosion (Mha) Total as a  
per cent of  

total land useRegion Water erosion Wind erosion Total

Africa 169 98 267 16
Asia 317 90 407 15
South America 77 16 93 6
Central America 45 5 50 25
North America 46 32 78 7
Europe 93 39 132 17
Oceania 4 16 20 3
World 751 296 1047 12

•	 Water erosion occurs when topsoil is 
removed and rills and gullies are formed; 
waterborne SOC losses also include 
leaching and translocation as dissolved 
(DOC)	 or	 particulate	 organic	 carbon	
(POC). Not all effects are, however, 
negative as water erosion may improve 
downstream soil fertility, as in river 
deltas that would not exist without up-
land erosion.

•	 Wind erosion is caused by a decrease of 
vegetation cover due to overgrazing or 
land conversion to arable agriculture, 
leading to loss of topsoil, deflation hol-
lows and dunes, and overblowing.

•	 Chemical degradation includes the loss 
of organic matter by oxidation and min-
eralization following; for example, till-
age or drainage.

•	 Physical degradation includes subsid-
ence of organic soils by consolidation, 
oxidation, compaction and shrinkage 
(Den	Haan	et al., 2012).

Since the start of settled agriculture 
around 10,000 years ago, agricultural ac-
tivities have led to fundamental changes 
in the pools and fluxes of carbon (McLauch-
lan,	2006;	McNeill	and	Winiwarter,	2008).	
Traditional agricultural systems are based 
on ‘fertility mining’; that is, enhancing 
the decomposition of SOC, which releases 
plant nutrients and allows the land to 
produce more than its natural capacity 
(Janzen, 2006; Lal, 2012). Agricultural 
practices that lead to SOC depletion 
 include:

	•	 deforestation,	slash	and	burn	traditions	
and burning of crop remains, which 
hampers soil carbon replenishment;

•	 drainage	of	wetlands;	that	is,	applying	
‘semi-desert’ agriculture to organic soils; 
worldwide peatland drainage causes 
carbon-rich peats to disappear at a rate 
20 times faster than it took them to ac-
cumulate (Joosten, 2010);

•	 changing	 the	 C	 quality	 of	 the	 crop	 bio-
mass compared to the native vegetation;

•	 removal	of	harvested	products	and	de-
creasing crop residues by more efficient 
harvest	 techniques	 and	 increasing	 the	
production of silage;

•	 tillage,	levelling	and	other	forms	of	soil	
disturbance, which destroys physical 
structure, exposes SOC to decompos-
ition and enables erosion of the C-rich 
topsoil by water and wind;

•	 summer	fallowing	and	clean		cultivation;
•	 soil	 compaction	 by	 heavy	 machinery,	

high livestock and agricultural mechan-
ization (repetitive hoeing and ploughing, 
resulting in a compacted layer at hoe/
plough depth);

•	 increased	microbial	respiration	because	
of higher fertilization levels; and

•	 excessive	 use	 of	 pesticides	 and	 other	
chemicals (Harrison et  al.,	 1993;	 Lal,	
2002;	McLauchlan,	2006;	Smith,	2008;	
Joosten et al., 2012).

These factors may be self-amplifying; for 
example, when changing vegetation and 
soil reflectance alters the temperature re-
gime of the soil, or when decreasing soil 
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productivity reduces the amount of plant 
residues	returned	to	the	soil	(Lal,	2003).

The major drivers of SOC losses include:

1.	 Demand	for	fuel,	for	example	in	form	of	
charcoal, leading to deforestation and re-
moval of other natural vegetation; large-scale 
deforestation	and	consequent	erosion	may,	
for example, take place in locations in re-
ceipt of migrants (Stringer, 2012).
2. Overgrazing, leading to vegetation deg-
radation, soil compaction and wind and 
water erosion.
3. Arable agriculture for market and sub-
sistence crops.
4. Overexploitation of vegetation for do-
mestic use; for example, for fuel, fencing 
etc.

Change in land cover and land use generally 
leads to a decrease in SOC. The largest losses 
of SOC per area occur where the C stocks are 
largest; for example, in highly organic soils 
such as peatlands. SOC tends to be lost 
when converting grasslands, forest or other 
native ecosystems to croplands, or by drain-
ing, cultivating or liming highly organic 
soils. SOC tends to increase when restoring 
grasslands, forests or native vegetation on 
former croplands, by changing native forest 
to pasture and by rewetting organic soils 
(Guo	and	Gifford,	2002;	Smith,	2008).

The decrease in SOC continues in min-
eral soils until a new, stable level is reached 
at	about	30–50%	of	the	original	 level	 (Lal,	
2002, 2004), depending on tillage practice 
and the level of C inputs into the soil as 
crop residue or animal manure (McLauch-
lan, 2006). The period to stabilize SOC 
levels is around 100 years for soils in the 
temperate region, whereas tropical soils 
may	stabilize	more	quickly	and	boreal	soils	
more slowly.

While erosion may have severe conse-
quences	for	 local	soil	 fertility,	 its	effect	on	
carbon emissions to the atmosphere de-
pends on the fate of the SOC exported from 
the eroded areas. van Oost et al. (2007) esti-
mate that as a result of agricultural erosion 
over the past 50 years globally, ~16–21 Pg C 
have been moved laterally over Earth’s sur-
face and have been buried within agricultural 
landscapes, constituting a global carbon sink 

of ~0.12 Pg C year−1 (range 0.06–0.27). 
This figure is, however, admittedly over-
estimated as it does not account for decom-
position losses from the exported SOC, 
of  which the long-term stability is highly 
uncertain.

Since 1000 ad, an estimated 2 billion 
ha of once productive land has been irrevers-
ibly degraded; that is, more land than is cur-
rently under agricultural production (Lal, 
2003).	The	depletion	of	the	global	SOC	pool	
as a result of conversion of natural to agroeco-
systems is estimated at 40–100 Pg (Lal et al., 
2004;	Smith,	2008;	Lal,	2012).

Global Soil Carbon Fluxes

The stock of SOC results from the balance 
between the input and output of organic 
matter in the soil. Inputs are primarily from 
leaf and root detritus, and growth of subsur-
face plant and associated microbial biomass 
fed directly by photosynthesis. Outputs 
consist predominantly of emissions of carbon 
dioxide (CO2) to the atmosphere, whereas 
emissions of volatile organic compounds 
and methane (CH4),	 and	 transport	 of	 DOC	
and	POC	may	also	be	important	(Lal,	2003;	
Heimann	and	Reichstein,	2008).

The rate of input is related to the net 
primary production (NPP) of the vegetation, 
which varies with climate, land cover, spe-
cies composition and soil type. Part of NPP 
enters the soil as organic matter root growth, 
exudates and plant litter, where it is partly 
converted back to CO2 and CH4 via (hetero-
trophic) soil respiration or leaches away as 
DOC	 and	 POC.	 Also,	 harvest	 of	 below-
ground biomass and fire (peat fires) may re-
move belowground carbon. The balance of 
all these processes determines whether the 
soil	is	a	source	or	a	sink	of	C	(Smith,	2008).

For the 1990s, the worldwide litter in-
put in the soil was estimated to be 4.0 Pg C, 
of	which	 3.9	Pg	 eventually	 oxidized	 to	 at-
mospheric CO2 directly or after leaching 
and translocation. An estimated 0.1 Pg was 
added to the long-term SOC pool (Fig. 19.2; 
Houghton, 2007; cf. van Oost et al., 2007). 
This assumed small net soil carbon gain, 
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however, does not include the losses from 
drained peatland, which have increased 
from	0.3	Pg	C	year−1 in 1990 to 0.5 Pg C year−1 
in	 2008	 (Joosten,	 2010),	 turning	 the	 global	
carbon flux from soil strongly negative.

Hotspots of Soil Carbon Change

In the last two centuries, humans have 
cleared	 or	 converted	 70%	of	 the	 grassland,	
50%	of	the	savannah,	45%	of	the	temperate	
deciduous	forest	and	27%	of	the	tropical	for-
est biome for agriculture (Foley et al., 2011). 
Between	 1985	 and	 2005,	 the	 world’s	 crop-
lands and pastures expanded by 154 million 
hectares (Mha) (Foley et al., 2011).

Several global studies have tried to as-
sess the extent of land degradation, with 
strongly varying results and accuracy (see 
Stringer, 2012; Plate 11). Oldeman et  al. 
(1991)	 identified	 15%	of	 soil	 as	 degraded.	
The Millennium Ecosystem Assessment 
(2005)	concludes	that	more	than	60%	of	the	
ecosystem services have been degraded, but 
provides limited information on the status 

of	 soil.	 LADA	 (Land	 Degradation	 Assess-
ment	in	Drylands)	finds	that	24%	of	the	glo-
bal land area has been degrading over the 
past 25 years. The 2011 FAO SOLAW study 
(Nachtergaele et al., 2011) presents the state 
of land and water resources for food pro-
duction and analyses threats to food secur-
ity and sustainable development.

Rather little focus has been on the loss 
of SOC because the absolute amount of SOC 
cannot	 be	used	unequivocally	 for	 compar-
ing degradation among different types of 
soil and for different types of ecosystem ser-
vices (e.g. carbon storage versus food provi-
sion; cf. Biancalani et  al., 2012; Victoria 
et al., 2012). Work-in-progress presented at 
the United Nations Convention to Combat 
Desertification	 (UNCCD)	 Second	 Scientific	
Conference ‘Economic assessment of desert-
ification, sustainable land management and 
resilience of arid, semi-arid and dry sub- 
humid	areas’	in	April	2013	in	Bonn,	Germany,	
showed, not surprisingly, that the decline in 
soil organic matter was related strongly to 
land use, with India and East Asia as out-
standing examples of very intensive agricul-
tural practices.
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Some parts of the world are more at risk 
from land and soil degradation and soil car-
bon loss than others. Three global hotspot 
land types can be distinguished where dif-
ferent environmental and socio-economic 
conditions lead to large soil carbon losses.

Peatlands, especially those in the trop-
ics, have the highest soil carbon density of all 
land	cover	categories	(Table	19.1).	Drained	
peatlands	on	50	Mha	worldwide	(=	0.3%	of	
the global land area) are currently respon-
sible for carbon emissions of around 0.5 Pg 
per year, with an increasing trend in emis-
sion rate. Half of these emissions stem from 
rapidly expanding peatland drainage in South- 
east Asia (largely for oil palm and pulpwood 
plantations), with associated peatland fires. 
Next to these huge emissions, peatland 
drainage also leads to subsidence, increased 
flooding, saltwater intrusion and eventually 
to the loss of large areas of habitable and 
productive land (Joosten et al., 2012).

Drylands (arid, semi-arid and dry sub-
humid	 areas)	 occupy	 41%	 of	 Earth’s	 land	
area and are home to more than 2 billion 
people.	 Some	 10–20%	 of	 drylands	 are	 al-
ready	degraded,	with	an	estimated	0.3	Pg	of	
soil carbon being lost to the atmosphere 
from	 drylands	 each	 year.	 Desertification	
(land degradation in drylands) has been 
ranked among the most urgent global envir-
onmental challenges (Millennium Ecosys-
tem Assessment, 2005).

Tropical forests are currently experien-
cing a concentration of land-use change 
where large-scale forest clearing is taking 
place	(Houghton,	2003;	McNeill	and	Wini-
warter,	 2008).	 Between	 1980	 and	 2000,	
more than half of new cropland came from 
intact	rainforests	and	another	30%	from	dis-
turbed forests (Gibbs et al., 2010).

The Future of Soil Organic Carbon

The future of SOC will depend on climate 
change, land use and land cover, and feed-
backs within and between these complex 
factors.

The response of SOC to climate change 
depends on the delicate balance between 

changing primary productivities and chan-
ging rates of decomposition as a result of 
changes in temperature and soil moisture. 
Rising temperatures could increase biomass 
production and inputs of organic materials 
into soils. Warming could, however, also ac-
celerate the microbial decomposition and 
oxidation of SOM (Houghton, 2007; Lal, 
2012), especially in thawing permafrost 
soils	(Heimann	and	Reichstein,	2008).	Central	
questions	with	respect	to	feedback	loops	are:

1. The temperature sensitivity of soil or-
ganic matter decomposition, especially the 
more recalcitrant pools (cf. Melillo et  al., 
2002; Knorr et al., 2005).
2. The balance between increased carbon 
inputs to the soil from increased production 
and increased losses due to increased rates 
of decomposition, including the effect of 
‘microbial priming’ (Heimann and Reich-
stein,	2008).
3. Interactions between global warming and 
other aspects of global change, including 
other climatic effects (e.g. changes in pre-
cipitation pattern and resulting water bal-
ance), changes in atmospheric composition 
(e.g. increasing atmospheric carbon dioxide 
concentration and increased atmospheric 
nitrogen deposition; Heimann and Reich-
stein,	 2008),	 increase	 in	 intensification	 of	
pests and diseases (Lal, 2012) and land‐use 
change	(cf.	McSherry	and	Ritchie,	2013).

Scenario analyses show a large spatial het-
erogeneity and regional variation in the re-
sponse of mineral soil SOC to climate 
change, which prohibits giving a simple an-
swer	on	the	question	of	whether	SOC	will	
increase or decrease (Gottschalk et al., 2012; 
see also Chapter 20, this volume). Clearly, 
the simple picture of gradually increasing 
CO2 concentrations and temperatures and 
non-interactive effects on assimilation and 
respiration needs to be replaced by a strong-
er integrative concept of complex inter-
actions	 between	 ecosystem	 processes	 (Da-
vidson and Janssens, 2006; Heimann and 
Reichstein,	 2008),	 including	 land	use	 as	 a	
dominant component (cf. van Wesemael 
et al., 2010; Bell et al., 2011).

Current projections indicate that world 
population will increase from 6.9 billion 
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people today to over 9.5 billion in 2050. In 
addition, economic progress, notably in the 
emerging countries, translates into increased 
demand for food and other products that the 
land must deliver (FAO, 2011). Feeding the 
growing	world	 population	may	 require	 an	
additional 2.7–4.9 Mha, biofuel production 
1.5–3.9	Mha,	urbanization	1.6–3.3	Mha,	in-
dustrial	forestry	1.9–3.6	Mha	and	protected	
areas 0.9–2.7 Mha year–1, whereas land deg-
radation will render ≈1–2.9 Mha year–1 un-
suitable for cultivation. With an additional 
total land demand of 9.5–26.4 Mha year–1, 
the current land reserve (i.e. non-forested, 
non-protected and populated with <25 per-
sons km–2) could be exhausted as early as in 
the late 2020s, and at the latest by 2050 
(Lambin and Meyfroidt, 2011). This means 
that intensive land uses will continue ex-
panding into areas where SOC stocks are 

less resilient, soil conditions are marginal 
for agriculture and lands are prone to deg-
radation. Semi-arid savannahs and grass-
lands, tropical rainforests and peatlands 
will all experience tremendous pressure to 
be further converted to arable land (Victoria 
et al., 2012).

The future of SOC will ultimately de-
pend on how	 conversion	 and	 consequent	
land management will take place, whether 
soil carbon will continue to be mined for short- 
term gains, but with long-term detriment.

The alternative action is to implement 
land management that will conserve and 
enhance soil carbon. This will be essential 
to carry Earth’s land-use practice through 
what could be some of the deepest resource 
crises of the 21st century and to establish a 
legacy of land resources that will sustain fu-
ture generations thereafter.
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Abstract
Soils contain vast reserves (~1500 Pg) of carbon (C), about twice that found as carbon dioxide in 
the atmosphere. Historically, soils in managed ecosystems have lost a portion of this C (40–90 Pg) 
through land-use change, some of which has remained in the atmosphere. In terms of climate change, 
most projections suggest soil C changes driven by future climate change will range from small losses 
to moderate gains, but these global trends show considerable regional variation. The response of soil 
C in future will be determined by a delicate balance between the impacts of increased temperature and 
decreased soil moisture on decomposition rates, and the balance between changes in C losses from 
decomposition and C gains through increased productivity. In terms of using soils to mitigate climate 
change, soil C sequestration globally has a large, cost-competitive mitigation potential. Nevertheless, 
limitations of soil C sequestration include time limitation, non-permanence, displacement and diffi-
culties in verification. Despite these limitations, soil C sequestration can be useful to meet short- to 
medium-term targets, and confers a number of co-benefits on soils, making it a viable option for reducing 
the short-term atmospheric CO2 concentration, thus buying time to develop longer-term emission reduc-
tion solutions across all sectors of the economy.
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Introduction

Soils contain a stock of carbon (C) to a depth 
of 1 m that is about twice as large as that in 
the atmosphere and about three times that in 
vegetation. Small losses from this large pool 
could have significant impacts upon future 
atmospheric carbon dioxide concentrations, 
so the response of soils to global warming is 
of critical importance when assessing climate 
C cycle feedbacks (Smith et al., 2008a). 
Models that have coupled climate and C 
cycles show a large divergence in the size of 

the predicted biospheric feedback to the 
atmosphere. Central questions that still remain 
when attempting to reduce this uncertainty 
in the response of soils to global warming 
are: (i) the temperature sensitivity of soil or-
ganic matter, especially of the more recalci-
trant pools (Davidson and Janssens, 2006; 
Smith et al., 2008a); (ii) the balance between 
increased C inputs to the soil from increased 
production (from CO2 fertilization and crop 
breeding advances) and increased losses 
due to increased rates of decomposition 
(Smith and Fang, 2010); and (iii) interactions 
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 between global warming and other aspects 
of global change, including other climatic 
effects (e.g. changes in water balance, fire 
regimes, pests and diseases), changes in at-
mospheric composition (e.g. increasing at-
mospheric carbon dioxide concentration), 
land-use change (Smith et al., 2005, 2006) 
and arable land management. In addition to 
responding to climate change, soils could 
also play an important role in climate 
change mitigation; if C can be sequestered 
in soils, this could be a significant mechan-
ism for reducing atmospheric CO2 concentra-
tions (Smith et al., 1997, 2000). In this short 
review, we outline recent evidence of poten-
tial responses of soils to climate change, and 
then present recent evidence on the possible 
role of soil C sequestration in climate mitiga-
tion and discuss some limitations associated 
with this method of climate mitigation. This 
review is limited to mineral soils and does 
not cover peatlands and permafrost soils, 
since the role of peatlands in climate change 
has been reviewed recently (Joosten et al., 
2014) and space precludes dealing with all 
soil types in similar depth.

The Impact of Climate Change 
on Soils

Soils in the global carbon cycle

Globally, soils contain about 1500 Pg (1 Pg = 1 
Gt = 1015 g) of organic C (Batjes, 1996), about 
three times the amount of C in vegetation 
and twice the amount in the atmosphere 
(IPCC WGI, 2001). The annual fluxes of CO2 
from atmosphere to land (global net pri-
mary productivity (NPP)) and land to at-
mosphere (respiration and fire) are each of 
the order of 60 Pg C year–1 (IPCC WGI, 2001). 
During the 1990s, fossil fuel combustion 
and cement production emitted 6.3 ± 1.3 Pg 
C year–1 to the atmosphere, while land-use 
change emitted 1.6 ± 0.8 Pg C year–1 (IPCC 
WGI, 2001; Schimel et al., 2001). Atmos-
pheric C increased at a rate of 3.2 ± 0.1 Pg C 
year–1, the oceans absorbed 2.3 ± 0.8 Pg C 
year–1, with an estimated terrestrial sink of 
2.3 ± 1.3 Pg C year–1 (IPCC WGI, 2001; 

Schimel et al., 2001). Soil C pools are smaller 
now than they were before human interven-
tion. Historically, soils have lost between 
40 and 90 Pg C globally through cultivation 
and disturbance (Schimel, 1995; Houghton, 
1999; Houghton et al., 1999; Lal, 1999). The 
size of the pool of soil organic carbon 
(SOC) is large compared to gross and net 
annual fluxes of C to and from the terres-
trial biosphere.

Small changes in the SOC pool could 
have dramatic impacts on the concentration 
of CO2 in the atmosphere. The response of 
SOC to global warming is, therefore, of crit-
ical importance. One of the first examples of 
the potential impact of increased release of 
terrestrial C on further climate change was 
given by Cox et al. (2000). Using a climate 
model with a coupled C cycle, this study 
showed that the release of terrestrial C under 
warming would lead to a positive feedback, 
resulting in increased global warming. Since 
then, a number of coupled climate C cycle 
(so-called C4) models have been developed. 
However, there remains considerable un-
certainty concerning the extent of the terres-
trial feedback, with the difference between 
the models amounting to differences in the 
atmospheric CO2 concentration of ~250 ppm 
by 2100 (Friedlingstein et al., 2006). This is 
of the same order as the difference between 
fossil fuel C emissions under the IPCC 
SRES (2000) emissions scenarios. It is clear 
that better quantifying the response of ter-
restrial C, a large proportion of which de-
rives from the soil, is essential for under-
standing the nature and extent of Earth’s 
response to global warming.

The response of soils to future  
climate change

Despite suggestions during the 1990s that 
climate change could lead to massive losses of 
C from the world’s soils, more recent studies 
have suggested that climate change impacts 
on soil C could be less significant (Smith 
et  al., 2005, 2006; Ciais et  al., 2010; 
Gottschalk et al., 2012). The level of SOC in a 
particular soil is determined by many factors, 
including climatic factors (e.g. temperature 
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and moisture regimes) and physical and 
chemical soil factors (e.g. soil parent mater-
ial, clay content, cation exchange capacity; 
Dawson and Smith, 2007). For a given soil 
type, however, SOC stock can also vary, the 
stock being determined by the balance of 
net C inputs to the soil (as organic matter) 
and net losses of C from the soil (as carbon 
dioxide, dissolved organic carbon and losses 
through erosion).

Examining climate impacts on cropland 
and grassland soils in Europe, Smith et al. 
(2005) showed that SOC stocks were pro-
jected to change little between 1990 and 
2080, since increase in productivity, feeding 
more C into the soil, balanced the increased 
losses of SOC from faster decomposition 
under climate change. Further, in some 
European regions, the future climate is pro-
jected to dry so much that the decompos-
ition rate is slowed, despite large increases 
in soil temperature (Smith et al., 2005). 
 Ciais et al. (2010) reviewed a number of 
European studies and showed that other 
modelling studies confirmed this finding, 
with cropland soil C stocks estimated to 
change little during 1990–1999, ranging 
from a small sink of 15 g C m–2 year–1 to a 
source of over 1.3–7.6 g C m–2 year–1 from 
the ORCHIDEE-STICS, LPJmL and RothC 
models, respectively. Future changes in 
cropland SOC were found to be highly de-
pendent on management and land-use change 
assumptions, but the direct impact of com-
bined climate drivers were not found to be 
large (Ciais et al., 2010).

Globally, there is some uncertainty 
about the impact of climate change on min-
eral soils, related to the complexity of the 
factors determining the C balance of soils 
(Smith and Fang, 2010) and uncertainties 
in the ways models deal with interactions 
among the climate drivers. Despite this un-
certainty, projections are similar. Cramer 
et al. (2001) used the IS92a anthropogenic 
emissions scenario (which is comparable 
to the later IPCC A1b scenario) in conjunc-
tion with the HadCM2-SUL version of the 
Hadley Centre (UK) climate model. Their 
simulations show a c.10% increase (mean 
of six Dynamic Global Vegetation Models; 
DGVMs) between 2000 and 2100. Gottschalk 

et al. (2012), using the RothC model, driven 
by a range of climate scenarios and scaled 
NPP changes from the IMAGE 2.2 model, 
found a similar impact with a comparable 
scenario of ~8% increase in SOC stocks. 
Ito (2005) reported projected global SOC 
changes for the 21st century using seven 
 climate model realizations of the IPCC A2 
scenario, which showed lower climate for-
cing than the scenarios used by Cramer et al. 
(2001) and Gottschalk et al. (2012). Unsur-
prisingly, Ito (2005) projected smaller changes 
in SOC, in some cases showing a small loss of 
SOC, where similar scenarios in the studies 
of Cramer et al. (2001) and Gottschalk et al. 
(2012) showed small gains. Lucht et al. 
(2006) used the LPJ model to simulate SOC 
stock changes from 2000 to 2100, and found 
similar percentage increases in SOC (~5–6%) 
to the 3.5% increase projected by Gottschalk 
et al. (2012) for similar climate-forcing scen-
arios. The bulk of the evidence from models 
suggests that, at the global scale, projected 
changes in SOC in mineral soils are rela-
tively small, and that SOC stocks may well 
increase under future climate change.

This global finding, however, masks a 
complex pattern of regional responses 
(Gottschalk et al., 2012; Arnell et al., 2013, 
2014). Whereas SOC stocks increase in most 
regions, because the increase in NPP offsets 
the effects of higher temperatures, there is 
little change, or some loss, in high-latitude 
parts of Canada and Eastern Europe ( Siberia) 
and parts of East Asia, where the effects of 
higher temperatures outweigh changes in 
rainfall and NPP. The complex regional pat-
terns of change in SOC are demonstrated in 
Plate 12, which shows average trend in SOC 
stock change from 1971 to 2100 across ten 
climate scenarios (from Gottschalk et al., 
2012). The spatial heterogeneity in the re-
sponse of SOC to changing climate shows 
how delicately balanced the competing gain 
and loss processes are, with subtle changes 
in temperature, moisture, soil type and land 
use interacting to determine whether SOC 
will increase or decrease in the future. 
Given this delicate balance, we should stop 
asking the general question of whether soils 
will increase or decrease in SOC under fu-
ture climate, as there appears to be no single 
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answer. Instead, we should focus our re-
search efforts on improving our prediction 
of factors that determine the size and direc-
tion of change and the land management 
practices that can be implemented to pro-
tect and enhance SOC stocks, as discussed 
in Smith et al. (2008b).

The Role of Soils in Mitigating 
 Climate Change

Increasing soil carbon stocks to  
combat climate change (soil carbon 

sequestration)

Carbon stocks in the soil can be increased in 
managed ecosystems by optimizing ‘best 
management practices’. There have been 
numerous reviews of management to in-
crease soil C stocks (Lal et al., 1998; Lal, 
2004; Smith, 2008b), so a full review is not 
presented here. Increased C stocks in the 
soil increases soil fertility, workability and 
water-holding capacity, and reduces erosion 
risk (Lal, 2004). Increasing soil C stocks can 
thus reduce the vulnerability of managed 
soils to future global warming (Smith et al., 
2008b; Smith and Olesen, 2010). Manage-
ment practices effective in increasing SOC 
stocks include improved plant productivity 
(through nutrient management, rotations, 
improved agronomy), reduced/conservation 
tillage and residue management, more 
 effective use of organic amendments, land-
use change (crops to grass/trees), set-aside, 
agroforestry, optimal livestock densities 
and legumes/improved species mix (Smith 
et al., 2008b). While these measures have 
the technical potential to increase SOC 
stocks by about 1–1.3 Pg year–1 (Lal, 2004; 
Smith et al., 2008b), the economic poten-
tials for SOC sequestration are estimated to 
be 0.4, 0.6 and 0.7 Pg C year–1 at carbon 
prices of US$0–20, 0–50 and 0–100 t–1 
CO2-equivalent, respectively (Smith et al., 
2008b). A small loss of C from permafrost or 
peatlands could offset this potential seques-
tration (Joosten et al., 2014), but the in-
crease in SOC engendered by improved 
management is expected also to reduce the 

vulnerability of soils to future SOC loss under 
global warming. As such, soil C sequestration 
can, in many respects, be regarded as a 
‘win–win’ and a ‘no regrets’ option (Smith 
and Powlson, 2003; Smith and Trines, 2007; 
Smith et al., 2007).

Drawbacks associated with soil carbon 
sequestration as a climate mitigation 

measure

While there are many advantages to in-
creasing soil C stocks, and ‘win–win’ and 
‘no regrets’ options can be identified, there 
are a number of issues associated with soil 
C sequestration that make it a risky climate 
mitigation option (Smith, 2005, 2008a). 
These issues are: (i) saturation of the C sink 
(the C is only removed from the atmos-
phere until the soil reaches a new equilib-
rium soil C level; Smith, 2005); (ii) non- 
permanence (C  sinks can be reversed at 
any stage by poor soil management; Smith, 
2005); (iii)  leakage/displacement (e.g. in-
creasing soil C stocks in one area leads 
to  soil C losses in another; IPCC, 2000); 
(iv)  verification issues (can the sinks be 
measured and at what depth?; Smith, 
2004); and (v) total effectiveness relative to 
emissions reduction targets (only a fraction 
of the reduction can be achieved through 
sinks; IPCC WGI, 2007). These issues are 
discussed briefly below.

saturation of the carbon sink. The C sink 
can be defined as the annual removal of C 
from the atmosphere into soil. When a C se-
questration measure is first implemented, 
the change in soil C is large to begin with, 
but slows over time as the soil approaches a 
new equilibrium (see Fig. 20.1) (Smith, 
2005). Sink strength therefore decreases 
over time until the soil reaches a new equi-
librium. This phenomenon is termed ‘sink 
saturation’. Compared to reduced emissions 
of other greenhouse gases, which can con-
tinue indefinitely, C sequestration in soils 
(and indeed in vegetation) is therefore time 
limited and finite (Smith, 2005). Improved 
management needs to be maintained indef-
initely to maintain the higher soil C stocks, 
but with no additional sink benefit.
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non-permanence. As well as declining over 
time, soil C sinks are also reversible. A soil 
C stock that has been increased by improved 
soil management will lose C rapidly unless 
the improved management is maintained. 
The rate of C loss is more rapid than the rate 
of gain (Smith, 2005). Compared to reduced 
emissions of other greenhouse gases, where 
an emission reduction is permanent, C se-
questered in the soil (and in vegetation) is 
non-permanent, presenting a risk of future 
release (Smith, 2005).

leakage/displacement. Increasing soil C stocks 
does not necessarily lead to a decrease in 
atmospheric CO2 concentrations (Powlson 
et al., 2011). It is possible, for example, to 
enhance soil C stocks in one area by apply-
ing large inputs of organic matter. If, how-
ever, the organic matter applied to the area 
gaining in C would otherwise have been ap-
plied in another area, the other area would 
lose C (i.e. the emissions are displaced; also 
termed ‘leakage’ where emissions occur out-
side the greenhouse gas accounting boundary; 
IPCC, 2000). In this example, the impact 
across the two areas would be neutral, lead-
ing to no net atmospheric C removal. An in-
crease in soil C stocks in this case, does not 
constitute a genuine decrease in atmos-
pheric CO2 concentrations (Smith, 2005). 
Displacement/leakage also occurs where 
land-use change to increase C stocks in one 

area leads to land-use change that causes C 
release in another area, in a process termed 
‘indirect land-use change’ (Searchinger 
et al., 2008).

verification issues. Changes in soil C are 
small compared to the large stocks of C pre-
sent in the soil, meaning that the change in 
C stock can be difficult to measure, present-
ing problems for monitoring, reporting and 
verification (MRV) (Smith, 2004). If the 
value of the C removed from the atmosphere 
is less than the cost of measuring the change, 
MRV costs can make soil C less cost com-
petitive with greenhouse gas reduction 
measures that are less expensive to demon-
strate (Smith, 2004).

total effectiveness relative to emission reduction 
targets. Soil C sequestration is an import-
ant climate mitigation strategy, but it is not 
a panacea for greenhouse gas emissions re-
duction. Only a fraction of the reduction 
can be achieved through sinks (IPCC WGI, 
2007). Soil C sequestration, therefore, needs 
to be considered alongside many other 
greenhouse gas emissions reduction strat-
egies across all sectors.

The problem of attempting to use soil 
and vegetation to sequester C as a climate 
mitigation measure has been summarized 
succinctly by W.H. Schlesinger as ‘trying to 
sequester the geosphere in the biosphere’. 

Soil C

Time since management change
Management change

Vegetation C

C
 s

to
ck

Fig. 20.1. Decline in sink strength over time. Change in soil and vegetation carbon sequestration showing 
large atmospheric carbon removals (sink strength) soon after management change (large vertical arrow 
on left-hand side of the figure), but over the subsequent equivalent time removals become smaller as the 
soils approach a new equilibrium (smaller arrows as soils gain in carbon). (From Smith, 2012.)
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The C that humans are currently releasing 
through fossil fuel use has been locked up 
in the geosphere for hundreds of millions of 
years, and was accumulated over many mil-
lions of years. Using the biosphere to cap-
ture this geospheric C does not add up – the 
geospheric C released is too large for the 
biosphere to store effectively. Given this 
knowledge, reducing C emissions is obvi-
ously more important than attempting to se-
quester the C after it has been released.

Conclusions

There is still some uncertainty over future 
responses of soils to climate change, but 
most projections suggest that, globally, soils 
either lose only small quantities of soil C or 
soil C stocks may, in fact, increase. The global 
picture, however, is underpinned by con-
siderable regional variation in response, 
with the response determined by a com-
bination of factors, including opposite 
 impacts of increased temperature and de-
creased soil moisture on decomposition rates 
and the balance between changes in C losses 
from decomposition and C gains through 
 increased productivity.

In terms of using soils to mitigate cli-
mate change, soil C sequestration globally 

has a large, cost-competitive mitigation 
 potential. Soil C sequestration can be use-
ful to meet short- to medium-term targets, 
especially if these targets are large. In add-
ition to the mitigation potential, increasing 
soil C stocks provides many co-benefits 
in terms of soil fertility, workability, water- 
holding capacity, nutrient cycling, reduced 
emissions risk and a range of other positive 
soil attributes (Lal, 2004). These arguments 
for using C  sequestration for climate miti-
gation need to be weighed against the limi-
tations discussed above; for example, time 
limitation, non-permanence, displacement 
and difficulties in verification. Despite 
these limitations, soil C sequestration may 
have a role in reducing the short-term at-
mospheric CO2 concentration, thus buying 
time to develop longer-term emissions re-
duction solutions across all sectors of the 
economy.
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Abstract
Land-use changes (LUC) are one of most significant global change processes of the current era, with 
noticeable consequences on habitat loss, due mainly to agricultural expansion and urbanization. The 
carbon cycle dynamics can be affected significantly by LUC, with impacts on carbon sequestration and 
emission rates. Considering the direct effect of carbon gases enrichment of the atmosphere on climate 
change, it is of utmost importance to improve the knowledge base on the impacts of agricultural-based 
LUC on carbon sinks, such as soils. This chapter reviews the available data on the effects of LUC on 
soil carbon stocks in three major biomes of the southern portion of the South American continent (the 
Cerrado, the Southern Grasslands and the Atlantic Forest). The area of soybean crops has expanded 
almost four times in the La Plata Basin Grasslands of Argentina over the past decade, and near ten 
times in the Brazilian Cerrado since the mid-1980s. The area under sugarcane crops in Brazil has al-
most doubled since the mid-1990s, occupying approximately 8.5 million ha (Mha) in 2009. In 2011, 
forestry plantations occupied 28% more land in Brazil than in 2005, with a total area of 6.5 Mha (75% 
with Eucalyptus and 25% with Pinus). In general, all conversions of natural vegetation to agricultural 
land-use systems in the different biomes have resulted in significant losses of soil carbon stocks. The con-
version of pastures and grasslands to annual croplands in the Rolling Pampas grasslands has decreased C 
stocks by 50% over the last century. This represents a much faster loss rate than the loss triggered by the 
introduction of domestic herbivores over the course of the previous nearly four centuries (22%). These 
results imply that soil degradation caused by annual crops is very rapid and results in a strong de-
crease in carbon stocks. However, adopting soil and water conservation management strategies and 
increasing the complexity of the cropping systems – through adoption of no-tillage (NT) agriculture, 
well-managed pasture systems, integrated crop–livestock–forestry systems, multiple cropping and 
crop rotation with legume cover species, for example, can improve soil carbon sequestration rates by 
up to nearly 2.0 Mg C ha–1 year–1. The elimination of preharvest burning practices in sugarcane crops 
alone can result in gains of up to 0.93 t C year–1 ha–1. Improving soil and crop management to boost 
carbon sequestration in agricultural systems, while at the same time increasing resilience by improv-
ing soil quality, is a potential climate change mitigation option for farmers in South America.
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Introduction

The central and south-eastern part of the 
South American continent is characterized 
by heterogeneous biomes and ecosystems, 
with diverse soil, vegetation, climatic, geo-
logic, hydrologic and social configurations 
(Plate 13). The varying topography adds 
natural complexity to the region, resulting 
in a combination of extensive savannah-like 
plateaus (Cerrado in Brazil), grasslands (Pam-
pas in Argentina and Uruguay), the largest 
tropical wetland area in the world (Pantanal 
in Brazil) and both dry and humid forest bi-
omes (Espinal, Chaco and Atlantic Forests, 
respectively). Together with this environ-
mental heterogeneity, the diverse human so-
cieties that compose the region have led to 
complex patterns of human-induced land-
use change. This has accelerated since the 
mid-1970s, as high demands for commodities 
such as soybeans, maize, wheat and sun-
flowers have driven major land-use change 
processes in the different biomes, mainly in 
the Cerrado and the Southern Grasslands. 
These changes resulted in substitution of na-
tive ecosystems and traditional extensive cat-
tle ranching. More recently, considerable por-
tions of both grain crops and pastureland 
have been converted to sugarcane and for-
estry, to help meet the growing demands of 
the biofuel, timber and cellulose industries.

Common effects of agricultural expan-
sion on tropical soil resources described in 
the literature include depletion of soil or-
ganic matter, with consequent reduction of 
carbon stocks and fertility; soil compaction 
and reduction in water-holding capacity; 
erosion and desertification; and biological 
degradation. These changes in the soil, 
coupled with other natural resource impair-
ments such as biodiversity degradation, can 
result in severe disruptions in ecosystem 
function, affecting services such as hydro-
logic regulation, water quality and erosion 
control, as well as increasing CO2 emissions 
to the atmosphere.

Considering the role of agricultural soils 
as important modulators of carbon sequestra-
tion and greenhouse gas emissions, we need 
to understand how land-use and manage-
ment changes affect the rates and dynamics 

of carbon sequestration by soils in regions 
prone to intense land-use change processes 
in order to be able to improve climate change 
mitigation and adaptation in land use.

In this chapter, we describe the main 
processes of past and current agricultural ex-
pansion in the Cerrado, Southern Grasslands 
and the Atlantic Forest, representative biomes 
of the central and south-eastern portions of 
South America. We review data derived from 
published research on the impact assess-
ments of land-use and management changes 
in the region with a focus on carbon stocks 
and dynamics. We end with suggestions of 
land-use and management-related policies, 
as well as soil and crop management options, 
to mitigate some of the reported environmen-
tal impacts of LUC in the region.

Land-use Change

Four agricultural sectors have been respon-
sible for most of the land-use change (LUC) in 
the region since the mid-1970s: international 
commodities (mainly soybeans, maize, sun-
flowers and wheat), wood (eucalypt and 
pine), meat (cattle) and biofuels (sugarcane). 
Soybeans and other oilseeds (used for food, 
feed and biofuel production), grain crops and 
cultivated pastures (Brachiaria spp., lucerne– 
grass mixtures) are widespread and have 
replaced portions of all biomes considered in 
this review. Biofuel crops, especially sugar-
cane, are expanding to meet the demand of 
growing international markets and national 
policies (Cerqueira Leite et al., 2009; Lago, 
2012). Sugarcane cultivation is concentrated 
in the Brazilian State of São Paulo (approxi-
mately 60% of the Brazilian sugarcane pro-
duction) and has expanded most rapidly in 
the states of Mato Grosso do Sul and Goiás 
(Goes et al., 2008; Uriarte et al., 2009; Mon-
teiro et al., 2010; Rudorff et al., 2010). In the 
Southern Grasslands, traditional cattle breed-
ing, a more low-impact, environmentally sus-
tainable land-use system, has preserved most 
of the biome’s integrity (Rótolo et al., 2007), 
but agriculture and forestry expansions have 
been decimating the natural ecosystems at 
an alarming rate since the late 20th century 
(Baldi and Paruelo, 2008).
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Cerrado

The Cerrado biome covers approximately 2 mil-
lion km2, which represents approximately 
25% of Brazil (Sano et al., 2008). In size, the 
Cerrado biome is the second largest ecosys-
tem in Brazil after the Amazon. With 6500 
plant species, the Cerrado has only 23% 
fewer species than the Amazon; it is one of 
the most diverse tropical biomes and the 
most species-rich tropical savannah in the 
world (UNEP, 2010). A vast portion of this 
biome contains the headwaters of the Parana 
and Paraguay River sub-basins, components 
of the La Plata River Basin. The original Cer-
rado landscape suffered widespread trans-
formation after agricultural innovations pro-
vided technologies and crop varieties adapted 
to the Cerrado soils and climate (Miyasaka 
and Medina, 1981; Spehar, 1995). Several au-
thors have suggested that the Cerrado is being 
modified due to land-use expansion, particu-
larly for grain crops and pastures (Fearnside, 
2001; Klink and Moreira, 2002). This effect 
is due partly to the fact that the more open, 
savannah-type structure invites human settle-
ments and developments. The southern por-
tion of the Cerrado biome, located in the La 
Plata River Basin, is where most of the land-
use conversion to agriculture and pasture has 
taken place (Plate 13). The Brazilian states of 
São Paulo, Goiás and Mato Grosso do Sul 
were reported to have retained only 15–32% 
of their native Cerrado vegetation (2002 land-
use data) (Sano et al., 2008).

LUC in the Cerrado initially aimed at 
opening the frontier for cattle grazing. Typic-
ally, the occupation began with the removal 
of native woody Cerrado vegetation for 
charcoal production, mostly used as an en-
ergy source for steel mills located elsewhere 
in Brazil (Uhlig et al., 2008).

The second major LUC process was the 
expansion of cash crops, especially soybeans 
(Spehar, 1995; Alves et al., 2003) (Fig. 21.1). 
Currently, more than 60% of Brazil’s soy-
bean production derives from the Cerrado 
(Souza et al., 2007), where it occupies an 
estimated area of approximately 13 Mha.

Land is steadily converted to forest plant-
ations in the Brazilian Cerrado at an average 
annual rate of 3.5%. From 2005 to 2010, the 

forestry area grew by 23.0% (ABRAF, 2012). 
The Brazilian states with the highest Euca-
lyptus spp. plantation expansion rates dur-
ing this period were Mato Grosso do Sul 
(30%), Maranhão (10.2%), Tocantins (7.3%) 
and Minas Gerais (7.7%), all under charac-
teristic Cerrado vegetation and climate.

Southern Grasslands

Agricultural expansion into the marginal 
semi-arid regions of the La Plata River Basin, 
such as the provinces of La Pampa and San 
Luis, increased deforestation of the native sa-
vannah vegetation significantly in favour of 
sunflower, soybean and maize crops. Despite 
the relatively adverse climatic conditions for 
soybean cropping, the area planted to this crop 
in La Pampa expanded by 370% during the 
past decade, and grain production followed a 
similar trend with a 360% increase (Fig. 21.2).

Traditionally, the cash crops in this 
semi-arid, marginal agricultural region have 
been wheat since the early 20th century and 
sunflower since the 1970s. The soybean ex-
pansion has reduced the planted areas of 
both these crops, especially that of wheat 
(Fig. 21.3). The total cropped area, however, 
has decreased by about 30% during the last 
decade, from 942,000 ha in 2000 to 659,000 ha 
in 2008, due to drought events in 2004 and 
2007–2009 (Gobierno de La Pampa, 2009).

Apart from expanding, agriculture has 
also intensified and industrialized through-
out the region. While traditional agriculture 
was based on diversified mixed systems that 
implied rotations of cash crops with perman-
ent pastures for livestock production, at pre-
sent, especially in the Argentinean Grasslands, 
monocultures of cash crops predominate.

At the same time, afforestation of mar-
ginal lands has become an important feature 
of LUC in the Southern Grasslands biome 
due to increasing demands from the paper 
industry. Results from ongoing studies 
show that forest cover on soils originally 
formed under grassland in the Argentinean 
Pampas has significant effects on their 
chemical and physical properties, resulting 
in significant impacts on soil fertility, car-
bon stocks and hydrology.
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The main agricultural, urban and industrial 
development in the 19th and early 20th 

centuries was concentrated in the Atlantic 
Rainforest biome, in addition to the South-
ern Grasslands, with the Cerrado coming 
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(Neto et al., 2010). The Atlantic Forest is the 
most threatened biome in Brazil (Schaffer 
and Prochnow, 2002). Originally covering 
about 1,315,000 km2 (Plate 13), it was re-
duced to a discontinuous area of approxi-
mately 100,000 km2; that is, approximately 
8% of its original extent (Morellato and 
Haddad, 2000; Atlântica, 2012). This biome 
contains a species diversity higher than 
most of the Amazon forests, and is charac-
terized by high levels of endemism (Brown 
and Brown, 1992).

Land-use dynamics of the Atlantic 
 Forest biome could be summarized by the 
onset of the sugarcane (Saccharum offici-
narum) cycle, Brazil’s first major export 
crop, which started being planted by the 
Portuguese settlers in the 16th century, fol-
lowed by coffee, introduced in the 18th 
century. Timber extraction and charcoal 
production has been a constant activity in 
this biome (Dean, 1995; Morellato and 
Haddad, 2000; Boddey et al., 2006; Salemi 
et al., 2012). The impact of forest clearing 
for agriculture, followed by pastures, cre-
ated degraded landscapes, with significant 
impacts on the provisioning of ecosystem 
services (biodiversity conservation, soil 
water retention, soil stabilization and car-
bon sequestration) (Boddey et al., 2006; 

Macedo et al., 2008; Machado et al., 2010; 
Tabarelli et al., 2010).

Annual Crops and Pasture: Impacts 
on Carbon Stocks and Dynamics

Carbon stocks in Cerrado soils are close to 
those found under Brazilian rainforests, with 
values varying from 133 to 236 Mg C ha–1 in 
the 0–100 cm layer (Lopes-Assad, 1997; 
Corazza et al., 1999; Bustamante et al., 2006). 
Analysing data from the literature, we esti-
mate carbon stocks in the surface soil layer 
(0–20 cm) of different Cerrado phytophys-
ionomies (‘cerradão’, ‘cerrado stricto sensu’, 
‘campo limpo’, ‘campo sujo’ and ‘forest’) to be 
46 ± 15 t C ha–1, being an important carbon 
reservoir (Corazza et al., 1999; Freitas et al., 
2000; D’Andréa et  al., 2004; Neves et al., 
2004; Silva et al., 2004; Bayer et al., 2006; 
Corbeels et al., 2006; Siqueira Neto, 2006; 
Frazão, 2007; Machado et al., 2007; Rangel 
and Silva, 2007; Dieckow et al., 2009; Matias 
et al., 2009; Salton et al., 2011).

In general, the conversion of native vege-
tation to agricultural systems, especially under 
conventional tillage, results in significant 
reductions of these stocks (Corazza et  al., 
1999; D’Andréa et al., 2004; Oliveira et al., 
2004; Silva et al., 2004; Bayer et al., 2006; 
Bustamante et al., 2006; Jantalia et al., 2007).

Soil carbon stocks (SCSs) (0–30 cm) under 
different land uses and soil classes in Brazil 
were estimated by processing data from the 
Embrapa Soil Information System’s database 
(http://www.bdsolos.cnptia.embrapa.br) and 
land-use maps available at the Brazilian 
Ministry of Environment website (Fidalgo et al., 
2007). Latosols (Oxisols, USDA Soil Tax-
onomy) are the dominant soil order (49% of 
total area) in the Cerrado biome, and the dis-
crimination between land uses is noticeable, 
with 43.8, 40.6 and 34.2 Mg C  ha–1 on average 
for native vegetation, pasture and agricul-
ture, respectively, in a total of 113 soil profiles 
(Elaine C.C. Fidalgo, personal communication).

In the rolling Pampas grassland (nor-
thern part of the biome), where soil organic 
matter is the main C pool, converting pas-
tures and grasslands to annual croplands 
decreased C stocks by 50% in one century 
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(Alvarez, 2001). Considering the rolling 
Pampas natural ecosystems (herbivore exclu-
sion zones) harboured a total SCS of 68 t C ha–1 
(Andriulo et al., 1999), a century after an-
nual crops were established in the biome, 
these stocks were reduced to 34 Mg C ha–1 
(Alvarez, 2001). On the other hand, Piñeiro 
et al. (2006) used the Century model to esti-
mate SCS losses associated with herbivory 
and concluded that 370 years after livestock 
was introduced in the Pampas grasslands, 
there was a 22% reduction in SCSs in the 
0–20 cm depth. This is a dramatically dif-
ferent response to LUC.

LUC in the semi-arid Pampas caused 
rapid soil C losses, with C half-lives just 
above 10 years and no evidence of long-term 
stabilized C in any of the soil fractions 
(Zach et al., 2006). In this study, soils ori-
ginally under long-term pasture or natural 
vegetation, with initial C contents between 
24 and 33 mg C g–1 bulk soil, lost 33–57% of 
their original C within 12–18 years of con-
tinuous cultivation. In degraded soils that 
had been restored with pasture, C accretion 
was rapid, but levelled off well below the 
original C levels (Zach et al., 2006).

The conversion of natural pastures to 
cash cropping brings about similar carbon 
stock losses, as does the deforestation of 
 native vegetation (Noellemeyer et al., 2008). 
A 16% reduction was observed only 2 years 
after converting pasture to agriculture, and 
14 years later, soil C stocks were reduced by 
32% after livestock was introduced.

Conservation or no-tillage agriculture 
(NT) can improve the carbon sequestration 
in soils under agricultural use in the semi- 
arid and subhumid regions of the Pampas. 
Long-term field experiments have shown 
that under NT significantly higher amounts 
of carbon were sequestered by the soil than 
under conventional tillage (CT) (16.6 versus 
13.2 Mg C  ha–1 under NT and CT, respect-
ively, 9 years after establishment of crops). 
This finding indicates that soils under NT 
can act as a carbon sink, while those under 
CT as a carbon source (Quiroga et al., 2009). 
However, in NT production systems without 
crop rotation this might not be the case (Díaz 
Zorita et al., 2002; Steinbach and Alvarez, 
2006; Álvarez et al., 2009).

LUC and the intensification of agricul-
tural systems also alter the biological activ-
ity in soils, with potential effects on soil 
carbon stabilization and storage. Respiration 
rates of different soil aggregate-size classes 
are directly related to their carbon contents. 
Both were substantially lower in agricul-
tural than in pasture soils, indicating higher 
biological activity in the latter, which in-
creases the cycling rates and stabilization of 
organic carbon in the soil as organo-mineral 
complexes (Denef et al., 2009). This was 
corroborated by the higher levels of silt- and 
clay-associated carbon in these soils as 
compared to their agricultural counterparts 
(Noellemeyer et al., 2008). As indicated 
above, soils under NT accrue more carbon 
than those under CT, especially in the top-
soil. This provides more substrate for micro-
bial metabolism, and, subsequently, higher 
respiration rates have been found under NT 
when compared to CT in incubation experi-
ments, indicating an active soil biota and 
conditions that might favour stabilization of 
residue-derived carbon. Although one could 
conclude that higher respiration would lead 
to carbon loss, the enhanced microbial activ-
ity that processes the organic matter inputs 
and the physical protection of soils under 
no-tillage systems increase soil aggregation, 
which leads to stabilization of soil organic 
carbon decomposition products (Fernández 
et al., 2010).

Modern industrialized agricultural pro-
duction systems generally focus on very few 
crops that only occupy the land surface dur-
ing short periods of the year. The average 
growing season in the Southern Grasslands 
is 5 months for soybean and many maize 
hybrids and 4 months for sunflowers and 
modern wheat hybrids. Thus, in most situ-
ations, the soil is fallow during more than 
half of the year, exposing its surface to wind 
and water erosion and causing important 
soil water evaporation losses. Double crop-
ping, such as growing wheat during winter 
and soybeans during summer, could effect-
ively counteract these effects by keeping the 
soil protected. In Brazil, a lot of effort is being 
placed on the development of integrated 
crop–livestock–forestry systems, shown to be 
economically and technically feasible in the 
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Cerrados by ensuring long-term ground 
cover, enhanced carbon fixation, increases 
in soil organic matter content and reduction 
in the emission of greenhouse gases, when 
compared to conventional systems (Pacheco 
et al., 2012).

Long fallow periods and lower root 
residue input to the soil imply that bio-
logical activity is concentrated at the soil 
surface, which is more evident under NT, 
and that deeper soil layers receive less or-
ganic matter inputs to maintain biological 
functions. The consequences are well docu-
mented as an increase in bulk density, a de-
crease in infiltration rates and compaction 
of soil at depths varying from 30 to 50 cm, 
leading to increased runoff, erosion and wa-
terlogging. Maintaining good soil structure 
throughout the soil profile requires a sus-
tained biological activity responsible for ag-
gregate formation and pore stabilization. An 
approach to solve this problem for industri-
alized monocultures is using cover crops, 
which are non-harvest crops grown during 
the fallow interval to provide soil cover and 
protection against wind and water erosion, 
and providing an active rhizosphere to pro-
mote aggregate formation and carbon stor-
age. Preliminary studies in the semi-arid 
and subhumid region of the Pampas have 
shown that cover crops can provide signifi-
cant amounts of residue cover on the soil 
surface, which in turn immobilizes nitrogen 
and prevents its leaching into the ground-
water and that cover crops do not decrease 
water availability to subsequent cash crops 
(Fernández et al., 2010).

Sugarcane Production and Impacts 
on Carbon Stocks and Dynamics

Knowledge on the impacts of sugarcane oc-
cupation on soil attributes derives mainly 
from research in the Atlantic Forest biome, 
where most Brazilian sugarcane is culti-
vated (Campos et al., 2001; Resende et al., 
2006; Balieiro et al., 2008; Sant’Anna et al., 
2009; Pinheiro et al., 2010), but some re-
search has been undertaken in the hotspot 
sugarcane expansion areas of the Cerrados, in 

the states of Mato Grosso do Sul and Goiás (Gal-
dos et al., 2009; Angelini et al., 2010; Rachid, 
2010; Rachid et al., 2012).

In the last decade, sugarcane plant-
ations for bioethanol and sugar production 
have notably expanded in the Cerrado in 
response to the rapidly growing demand 
for biofuels and favoured by the suitable 
topography, soil characteristics, water avail-
ability and climate, and by national pol-
icies (Manzatto et al., 2009; Oosterveer and 
Mol, 2010). Most of the sugarcane plant-
ations established in Brazil in recent years 
replaced pastureland (approximately 65% 
during the 2007/08 season), but also soy-
beans, orange and maize crops (together 
27%) – food staples of global importance 
(Gauder et al., 2011). The result has been a 
fast and steady expansion of sugarcane for 
bioethanol and sugar production in the 
Cerrados, mainly in the Brazilian states of 
Mato Grosso do Sul and Goiás (INPE, 2011) 
(Fig. 21.4).

Most authors report a significant reduc-
tion in soil carbon and nitrogen stocks in 
sugarcane plantations when compared with 
native forests (Campos et al., 2004; Resende 
et al., 2006; Pinheiro et al., 2010; INPE, 
2011). Campos et al. (2004), for example, 
showed that 22 years after forest conversion 
to pasture in the Atlantic Forest, 29% of the 
SCSs were lost. On a neighbouring field 
where a 10-year-old sugarcane field suc-
ceeded 12 years under pasture, SCS losses 
increased to 43%, compared to that under 
the native forest (as inferred by soils col-
lected from a neighbouring forest) (Fig. 21.5).

Some labile organic matter fractions, 
such as microbial biomass and particulate 
organic matter, have been shown to be sensi-
tive even to the slightest soil-quality change, 
being good indicators of the ecosystem ser-
vices that are necessary for a sustainable 
agricultural system, as demonstrated by 
several authors (Graham and Haynes, 
2006; Silva et al., 2007; Galdos et al., 2009; 
Sant’Anna et al., 2009; Souza et al., 2012). 
Souza et al. (2012) showed that native 
vegetation and unburned sugarcane exhib-
ited qMic values (microbial quo-
tient =  carbon on microbial biomass/total 
organic carbon) of 2.64 and 2.84%, respectively, 
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significantly higher than burnt sugarcane 
(2.01%). This indicates a higher availability 
of substrates to microorganisms, and a posi-
tive influence on microbial biomass. Rachid 

et al. (2012) have observed the effects of 
sugarcane crop management on soil bac-
terial community structure and nitrogen 
cycle functional gene diversity (ammonia 
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oxidation and denitrification) in the Cerra-
do and related those to physical and chem-
ical soil attributes. A significantly higher 
impact was caused by preharvest burning, 
and a high correlation was found between 
the microbial metagenomic data and attri-
butes such as soil bulk density and water- 
filled pore spaces.

Forest Plantations and Impacts on 
Carbon Stocks and Dynamics

Eucalyptus and pine forests are the most 
important sources of wood, cellulose and 
charcoal for industry worldwide; thus, af-
forestation with these species is expand-
ing significantly all over the world. Plant-
ed forests account for an estimated 7% of 
the total forest area of the world (FAO, 
2010). Between 1980 and 2005, global an-
nual industrial wood production increased 
from 1450 to 1710 million m3 year–1, while 
that for energy production increased from 
1530 to 1840 million m3 year–1 (FAO, 2008). 
In Brazil, Eucalyptus and Pinus spp. for-
ests occupied about 6.51 Mha in 2011, 
with 75% covered by eucalyptus alone 
(ABRAF, 2012).

In the Cerrados, especially in degraded 
pastures, several authors observed a posi-
tive effect of Eucalyptus spp. afforestation 
on soil organic carbon stocks. For example, 
during the aggrading period, Lima et al. 
(2006) observed carbon fixation rates of up 
to 0.57 Mg C ha–1 year–1. These values are 
similar to those found in Cerrado oxisol 
soils (0–20 cm) under annual no-till crops 
(Sá et al., 2001; Bayer et al., 2006; Cerri et al., 
2007). Higher rates of carbon sequestration 
were found by Corazza et al. (1999) in soils 
under eucalyptus plantations (1.22 Mg C ha–1  
year–1), as well as under no-till systems 
(1.43 Mg C ha–1 year–1) in Cerrado sites of 
the Distrito Federal, in Brazil.

Forest stand management can influence 
SCSs significantly. Studying the impacts of 
different land uses (savannah, pasture and 
Eucalyptus spp. plantations) and manage-
ment (60 years under short rotation versus 
60 years under continuous growth) on soil 

carbon and nitrogen stocks, Maquère et al. 
(2008) found that significant SCSs increased 
with Eucalyptus spp. under short-rotation 
management (approximately 25%), while 
SCSs in the continuous forest plantation in-
creased by 15%, both compared with soils 
under native vegetation.

The impacts of Eucalyptus spp. on 
SCSs varies according to land-use history, 
previous crop management, local climate 
and spatial variability of soil attributes. The 
available data show that good silvicultural 
management practices (reduced tillage, resi-
due maintenance over the soil and espe-
cially consortia with nitrogen-fixing tree 
species) improve the C sequestration rates 
under Eucalyptus spp. afforestation (Baliei-
ro et al., 2002, 2008; Forrester et al., 2006; 
Chaer and Totola, 2007; Coelho et al., 2007; 
Laclau et al., 2008). The positive effect of 
including legume trees in the eucalyptus 
management system was demonstrated by 
Balieiro et al. (2008), who showed that 5 years 
after the afforestation of pasture fields in a 
sandy soil of the Atlantic Forest biome, a 
mixed plantation of Eucalyptus grandis and 
Pseudosamanea guachapele (a legume tree 
native to Central America) resulted in an in-
crease of 6.6 Mg C ha–1 in the soil C stocks 
(0–40 cm), in comparison with single plant-
ations of E. grandis. However, no differences 
in C stocks were observed between soils 
under pasture (24.24 Mg C ha–1) and mixed 
plantation (23.83 Mg C ha–1). On the other 
hand, a study developed by Voigtlaender et al. 
(2012) with mixed and pure plantations of 
Acacia mangium and E. grandis in the Cerrado 
environment demonstrated that mixed plant-
ations largely increased the turnover rate of 
nitrogen (N) in the topsoil (124 kg N ha–1  
year–1 for mixed versus 64 kg N ha–1 year–1 for 
pure eucalyptus stands), despite a 44% re-
duction in soil C stocks. They conclude that 
introducing A. mangium trees might im-
prove mineral N availability in soils where 
commercial eucalyptus plantations have 
been managed for a long time.

The introduction of nitrogen-fixing trees 
has also been used as a strategy of land rec-
lamation in Brazil. Significant levels (0–60 cm: 
88.1 Mg C ha–1) and rates (1.73 Mg C ha–1 year–1) 
of soil C storage have been shown to 
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occur 13 years after reforestation using N2- 
fixing legumes (A. mangium, Acacia auric-
uliformis, Enterolobium contortisiliquum, 
Gliciridia sepium, Leucena leucocephala, 
Mimosa caesalpiniifolia and Paraseroanthes 
falcataria) to reclaim an area degraded by 
gully erosion processes in the Atlantic Forest 
biome (Macedo et al., 2008).

Results from ongoing studies in the La 
Plata Basin Grasslands show that the forest 
cover on soils originally formed under grass-
land strongly affects their chemical and 
physical properties, significantly impacting 
soil fertility, carbon stocks and hydrology 
(Jobbagy and Jackson, 2003; Jobbágy et al., 
2006; Farley et al., 2008; Berthrong et al., 
2009a). Tree plantations are often regarded 
as a global C sequestration option. However, 
in the Southern Grasslands, the plantations set 
off part of their biomass C gains with soil C 
losses, particularly in grassland environments, 
under humid climates and in first rotations 
(Berthrong et al., 2009a,b, 2012). The extent of 
SCS changes due to afforestation will depend 
mainly on the age of the plantation and the 
mean annual precipitation (Balieiro et al., 
2004, 2008; Resende et al., 2006; Berthrong 
et al., 2009a,b, 2012; Eclesia, 2011) (Fig. 21.6).

Afforestation usually increases SCSs in 
dry areas and decreases them in humid en-
vironments, depending on the stand age. In 
specific cases, where afforestation is used to 
recover degraded agricultural soils, increases 
in soil C stocks have been observed, depend-
ing on the forest species, the presence of 

mycorrhiza, whether they are grown in con-
sortia with legumes and the soil type (Riestra 
et al., 2012).

LUC is affecting the albedo (surface reflect-
ance) of large areas in the region significantly 
(Lee and Berbery, 2012). Albedo changes after 
afforestation are a direct climate effect that 
offsets that of C storage on climate. The impact 
of albedo changes becomes more relevant to-
wards temperate and drier zones. Other un-
wanted side effects of afforestation in the 
Southern Grasslands are high water consump-
tion, soil cation depletion and biodiversity 
losses (Farley et al., 2008; Jackson et al., 2008).

Land Use, Crop Management and Soil 
Organic Carbon Sequestration

Several researchers have argued that SCSs 
in the Cerrado biome could be improved if 
good agricultural practices were adopted 
(Corazza et al., 1999; Bayer et al., 2006; 
Bustamante et al., 2006; Jantalia et al., 2007; 
Carvalho et al., 2010a). Systems under NT, 
crop rotation or consociation with nitrogen- 
fixing legume species show the highest car-
bon sequestration potentials, with a special 
emphasis on crop–livestock, or crop– livestock–
forestry integrated systems (Sisti et al., 2004; 
Bayer et al., 2006; Bustamante et al., 2006; 
Corbeels et al., 2006; Jantalia et  al., 2007; 
 Batlle-Bayer et  al., 2010; Carvalho et al., 
2010b). The positive effects of NT on SCSs can 
be observed after a period of organic matter 
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accumulation and stabilization, as shown 
by Jantalia et al. (2007) (Fig. 21.7). In a soil 
under NT for one year, the SCSs fell by 33% 
and 17% when compared with native vege-
tation and conventional tillage (CT), re-
spectively. However, 12 years after the crop 
management change, SCSs were similar to 
those under the native vegetation and 26% 
higher than under CT. Corazza et al. (1999) 
found high rates of carbon sequestration in 
soils under no-till systems (1.43 Mg C ha–1  
year–1) in sites of the Federal District of Brazil, 
located in the Cerrado biome. This depend-
ency on time was also shown by Siqueira 
Neto and co-workers (Siqueira Neto, 2006; 
Siqueira Neto et al., 2010).

The literature shows a wide range of 
carbon sequestration rates in Cerrado biome 
soils according to land use, crop and soil 
management (0.3–1.91 Mg ha–1 year–1).

A literature survey, including 40 scien-
tific articles and several papers presented at 
Brazilian soil scientific meetings reporting 
SCS measurements under different soil 
types, land uses and management in the 
Cerrado biome shows that, on average, NT 
systems consistently promote the highest 

levels of SCSs, an average of 76.73 Mg C ha–1 
year–1, at a depth of 0–40 cm (Table 21.1).

In general, the conversion of native 
Cerrado and Atlantic Forest vegetation into 
annual or perennial crops (including sugar-
cane and eucalyptus, with the exception of 
pasture) reduces SCSs drastically (Guo and 
Gifford, 2002; Carvalho et al., 2010b; Melil-
lo et al., 2011). These results were corrobor-
ated by Kaschuk et al. (2011), who used data 
integration and meta-analysis approaches to 
analyse soil biological and chemical attri-
butes from different Brazilian biomes and 
land uses. The authors demonstrate that, in 
general, the conversion of native vegetation 
to annual crops has a strong negative impact 
on all variables studied (carbon in the soil 
microbial biomass, total organic soil carbon 
and metabolic coefficient), this being more 
pronounced in the Cerrado biome.

The literature data show a wide range of 
carbon sequestration rate values in Cerrado 
biome soils according to land use, crop, soil 
and postharvest management. Systems under 
NT, crop rotation or consociation with 
 nitrogen-fixing legume species show the 
highest carbon sequestration potentials, with 
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a special emphasis on crop–livestock and 
crop–livestock–forestry integrated systems 
(Sisti et al., 2004; Bayer et al., 2006; 
Bustamante et al., 2006; Corbeels et al., 2006; 
Jantalia et al., 2007; Batlle-Bayer et al., 2010; 
Carvalho et al., 2010b) (Table 21.2).

Conservation or NT agriculture can 
also improve carbon sequestration in soils 
under agricultural use in the semi-arid and 
subhumid regions of the Pampas. Long-term 
field experiments have shown that under 
NT, significantly higher amounts of carbon 
were  sequestered in stabilized C fractions 
than under conventional tillage (CT) (9.2 
versus 11.3 Mg C ha–1 in the <50 μm frac-
tion under CT and NT, respectively). This 
finding indicates that soils under NT can 
act as a carbon sink, while soils under CT 
as a source (Quiroga et al., 2009). However, 
this might not be the case in NT production 
systems without crop rotation (Díaz Zorita 

et al., 2002; Steinbach and Alvarez, 2006; 
Álvarez et al., 2009).

The response of SCSs to different agri-
cultural systems varies significantly accord-
ing to soil type, particularly regarding its 
textural properties, which controls vegeta-
tion structure, biomass production and soil 
carbon dynamics (Hassink, 1997; Zinn et al., 
2002; Noellemeyer et al., 2006; Luca et al., 
2008; Gili et al., 2010). Sandy soils are highly 
susceptible to degradation under LUC and 
will lose carbon faster than soils with finer 
textures (Noellemeyer et al., 2006).

Enhancement of soil fertility has also 
been associated with soil carbon build-up 
and retention. Native grassland areas in the 
Cerrado biome, converted to pastures, have 
been shown to store significantly more  carbon 
in the soil profile when fertilized. Pastures 
(Brachiaria brizantha) on soils enriched with 
mineral (50 kg N ha−1, as ammonium sulfate) 

Table  21.1. Carbon stocks (average ± standard error) and texture (average ± standard error) of Cerrado 
biome soils under different land use sampled at depths of 0–20, 0–30 and 0–40 cm. (From Corazza et al., 
1999; Freitas et al., 2000; Chapuis Lardy et al., 2002; Ruggiero et al., 2002; Machado et al., 2003; Roscoe 
and Buurman, 2003; Bayer et al., 2004, 2006; D’Andréa et al., 2004; Neves et al., 2004; Silva et al., 2004; 
Corbeels et al., 2006; Siqueira Neto, 2006; Araújo et al., 2007; Frazão, 2007; Jantalia et al., 2007; Machado 
et al., 2007; Metay et al., 2007; Paiva and Faria, 2007; Rangel and Silva, 2007; Luca et al., 2008; Maquère 
et al., 2008; Beutler et al., 2009; Carvalho et al., 2009; Czycza et al., 2009; Dieckow et al., 2009; Faria et al., 
2009; Leite et al., 2009; Maia et al., 2009; Matias et al., 2009; Moreira et al., 2009; Pulrolnik et al., 2009; 
Rossi et al., 2009; Salton et al., 2011.)

C stock Sand Clay Clay + silt
(Mg C ha–1) (g kg–1) (g kg–1) (g kg–1)

0–20 cm
NV 44.09 ± 2.72 371.35 ± 9968 493.00 ± 54.55 661.84 ± 91.78
P 41.6 ± 2.37 336.11 ± 99.08 532.77 ± 43.83 597.30 ± 99.01
CT 32.02 ± 1.78 431.57 ± 88.83 453.88 ± 52.60 579.47 ± 95.13
NT 45.98 ± 1.89 244.48 ± 76.90 488.32 ± 46.81 804.52 ± 55.15
PF 41.36 ± 4.72 205.17 ± 17.98 571.00 ± 84.94 928.25 ± 18.86

0–30 cm
NV 49.91 ± 2.82 387.79 ± 186.65 470.00 ± 71.89 609.77 ± 144.28
P 46.35 ± 2.76 455.58 ± 181.28 513.64 ± 55.90 541.75 ± 179.39
CT 44.38 ± 2.26 462.55 ± 121.28 469.00 ± 67.06 559.30 ± 85.66
NT 56.48 ± 3.42 453.33 ± 230.96 430.00 ± 108.64 572.53 ± 127.56
PF 53.88 ± 5.54 202.00 ± 18.02 325.00 ± 112.70 759.00 ± 25.67

0–40 cm
NV 65.87 ± 4.97 472.28 ± 97.06 202.71 ± 65.55 794.54 ± 64.04
P 67.49 ± 2.66 498.43 ± 56.18 337.58 ± 71.50 706.92 ± 112.68
CT 53.09 ± 3.67 386.07 ± 85.02 370.15 ± 82.26 616.09 ± 92.57
NT 76.73 ± 1.97 523.25 ± 82.73 225.00 ± 90.00 775.00 ± 90.00
PF 72.09 ± 7.99 466.00 ± 188.98 291.00 ± 68.58 740.00 ± 77.57

NV, native vegetation; P, pasture; CT, conventional tillage; NT, no tillage; PF, planted forest.
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Table 21.2. Carbon sequestration rates resulting from land-use change and soil management in the Cerrado, Atlantic Forest and Southern Grasslands biomes.

Biome
Agriculture system/
land-use change Practice/age Soil

SOC sequestration rate
(Mg ha–1 year–1) Reference

Cerrado NV (Cerradao) => agriculture NT (13 years) Typic Hapludox –1.44 (0–30 cm) Carvalho et al. (2010b)
Cerrado NV (Cerrado stricto sensu) 

=> agriculture
NT; CR (21 years) Typic Hapludox –0.69 (0–30 cm) Carvalho et al. (2010b)

Cerrado Agriculture: CR => ICLS 
(low fertility)

1–2/9–10 years Typic Hapludox 1.03–1.35 (0–30 cm) Carvalho et al. (2010b)

Cerrado NV => pasture (low fertility) 13 years Typic Hapludox –1.53 (0–30 cm) Carvalho et al. (2010b)
Cerrado NV (savannah) => agriculture DMC (30 years)a Various 1.00 Bustamante et al. (2006)
Cerrado NV => pasture (Various) Various 0.87–3.00 (0–20 cm) Bustamante et al. (2006)
Cerrado/Atlantic Forest Agriculture: CT => NT NT (various)b Various 0.50 (0–10 cm) Cerri et al. (2007)
Cerrado/Atlantic Forest Agriculture: CT => NT NT (various)b Various 0.41 (0–20 cm) La Scala et al. (2012)
Cerrado Agriculture: CT => NT DMC (0–12 years)a Ferralsol 0.70–1.15 (0–40 cm) Corbeels et al. (2006)
Atlantic Forest NV => agriculture CT (56 years)c Typic Hapludults –1.05 (0–20 cm) Leite et al. (2009)

NT (56 years)c Typic Hapludults –0.36 (0–20 cm) Leite et al. (2009)
Cerrado NV => agriculture CT (46 years)c Typic Hapludox –0.82 (0–20 cm) Leite et al. (2009)

NT (46 years)c Typic Hapludox –0.30 (0–20 cm) Leite et al. (2009)
Atlantic Forest NV => agriculture CT (15 years) Typic Hapludults –0.86 (0–20 cm) Leite et al. (2009)

NT (15 years) Typic Hapludults –0.17 (0–20 cm) Leite et al. (2009)
Cerrado NV => agriculture CT (12 years) Typic Hapludox –0.84 (0–20 cm) Leite et al. (2009)

NT (12 years) Typic Hapludox –0.14 (0–20 cm) Leite et al. (2009)
Cerrado Agriculture: CT => NT NT (9 years; 11 years) Typic Hapludox –0.17–1.00 (0–20 cm) Salton et al. (2011)

Agriculture: CT => ICLS NT; CR (9 years; 11 years) Typic Hapludox 0.14–0.44 (0–20 cm) Salton et al. (2011)
Agriculture (CT) => pasture PP (9 years) Typic Hapludox 0.65 (0–20 cm) Salton et al. (2011)
CT => pasture (more clayed) PP (11 years) Typic Hapludox 0.94 (0–20 cm) Salton et al. (2011)
CT => pasture (more sandy) Pp (11 years) Typic Hapludox 0.65 (0–20 cm) Salton et al. (2011)
Agriculture: CT => NT NT (15 years) 0.3 (0–20 cm) Bayer et al. (2006)
Agriculture: CT => NT NT (20 years) 0.6 (0–20 cm) Bayer et al. (2006)

Atlantic Forest/Southern 
Grasslands

Agriculture: CT=>NT NTb Various 0.19–0.81 (0–20 cm) Bayer et al. (2006)

Atlantic Forest/Southern 
Grasslands

Agriculture: CT => NT NT; CR Typic Haplorthox 0.04–0.88 (0–30 cm) Boddey et al. (2010)

Atlantic Forest/Southern 
Grasslands

Agriculture: CT => NT NT; CR Typic Haplorthox 0.48–1.53 (0–30 cm) Boddey et al. (2010)

aSimulation using G’DAY model; bfrom literature review; cCQESTR model.
CR, crop rotation; CT, conventional tillage; ICLS, integrated crop–livestock system; NV, native vegetation; NT/DMC, no tillage or direct seeding mulch-based system; PP, permanent 
pasture with grass only; PP+L, permanent pasture with grass + legumes.
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or biologically fixed nitrogen (consociation 
with Stylosanthes guianiensis) showed a gain 
of 10.6–13.3 Mg C ha–1 (0–100 cm), 3–4 years 
after establishment. In contrast, soils with-
out nitrogen amendment, under Brachiaria 
decumbens, showed early signs of degrad-
ation, and loss of 2.6 Mg C ha–1 (0–100 cm) 
(Silva et al., 2004), in the same period. Cerra-
do biome topsoils (0–5 cm), with higher clay 
contents, lost lower amounts of soil organic 
carbon (19% in clay oxisols versus 48% in 
sandy entisols) (Zinn et al., 2002). In deeper 
soil strata (0–60 cm), carbon losses were also 
higher in sandy entisols under Eucalyptus 
spp., while no net losses occurred in oxisols.

The influence of soil texture on the re-
sponse of carbon sequestration to sugarcane 
harvest management is very significant, es-
pecially in traditional burning harvest sys-
tems, when impacts on soil carbon are 
much higher. Burning sugarcane prior to 
harvesting results in higher SCS losses than 
unburned sugarcane areas, especially for 
sandy soils (Resende et al., 2006; Balieiro 
et al., 2008; Luca et al., 2008; Galdos et al., 
2009). Eight years after replanting sugar-
cane at a site in the Atlantic Forest biome 
(São Paulo), the unburned plots showed an 
increase in total soil carbon at the 0–10 cm 
layer of 41%, compared to the burned fields 
(23.30 × 16.57 g C kg–1) (Galdos et al., 2009).

Conclusions

To meet the increasing global demand for 
food and bioenergy, the sharp increases de-
manded for agricultural production in rural 
landscapes must be balanced with greater 
environmental and social sustainability. 
This review focused on the understanding 
of the LUCs in the Cerrado, Atlantic Forest 
and Southern Grasslands, major biomes in 
central-southern South America, during the 
past 40 years. Conversion of the native vege-
tation to agricultural systems was shown to 
cause a significant reduction in SCSs, for all 
biomes analysed. We suggest soil carbon 
losses are derived mainly from lower C in-
puts to the soil under crop production, and 
to a lesser extent to higher C outputs (respir-
ation) from the soil. The global need for a 

reduction of greenhouse gases in the atmos-
phere calls for the implementation of agricul-
tural systems with lower carbon footprints. 
This review has shown that improved soil 
and crop management in agricultural sys-
tems can counteract most of the soil carbon 
losses derived from LUC in the region.

Soil and crop integrated management 
systems can partially reverse agricultural 
soil carbon losses. The magnitude of these 
losses and gains varies greatly with land-
use history, soil management, climate, soil 
type and soil cover. In the Argentinian 
Southern Grasslands, conventional agricul-
ture with annual crops led to an overall loss 
of 34 Mg C ha–1 (50% loss), considering the 
last 100 years (Alvarez, 2001). In the Cerra-
do biome, conventional tillage was shown 
to lose 33% of the SCS in one year (Jantalia 
et al., 2007). On the contrary, SCS could be 
increased significantly in degraded Cerrado 
biome pastureland converted to conserva-
tion agriculture systems, such as no-tillage 
including nitrogen-fixing legumes in the 
crop rotation scheme. Forestry can be bene-
ficial in the northern parts of the region, 
where afforestation in the Cerrado and At-
lantic Forest biomes can result in soil car-
bon sequestration rates of 1.22 (Corazza 
et al., 1999) and 1.73 Mg C ha–1 year–1 (Mac-
edo et al., 2008), respectively, the latter 
with N2-fixing trees. However, in humid en-
vironments of the southern portion of the 
basin, afforestation with eucalyptus or pine 
monocultures has been shown to cause a 
decrease in SCS.

The data presented show the import-
ance of no-tillage systems for soil carbon se-
questration and storage. It also reinforces the 
need to maintain high levels of plant residue 
inputs to the soil, so as to boost carbon se-
questration and stabilization in the soil, re-
ducing the agricultural carbon footprint in 
all biomes studied. In the Cerrado biome, 
soil carbon sequestrations up to 1.43 Mg C 
ha–1 year–1 have been reported (Corazza et al., 
1999) and in the Southern Grasslands, a 
nearly 26% increase in SCSs were obtained 
by no-tillage systems compared to conven-
tional systems, 9 years after their establish-
ment (16.6 × 13.2 t C ha–1 in NT × CT systems, 
respectively) (Quiroga et al., 2009).
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Conversion of burned to unburned sug-
arcane production systems results in undis-
putable gains in SCSs in the surface layers. 
A study in a São Paulo plantation showed a 
41% gain in the surface layer 8 years after 
replanting (Galdos et al., 2009). However, 
more research should be done to reveal the 
SCS levels at greater depths.

Soil degradation brought about by agri-
cultural expansion can be very rapid and 
implies a strong decrease of SCSs, espe-
cially in sandy soils. Soil texture was found 
to be one of the most important factors that 
controlled land-use impacts on vegetation 
structure (Gili et al., 2010), biomass produc-
tion and carbon sequestration or losses.

Most of the results shown were ob-
tained from experimental sites, where agri-
cultural management was optimized and the 
variability of soil, topography and other bio-
physical and agronomical features were 
minimized, to ensure scientific precision. 
Ideally, full carbon accounting of the differ-
ent agricultural systems in the region should 
be carried out, considering indirect impacts, 
such as increased use of fossil fuel-derived 
fertilizers and other inputs with high carbon 
footprints in the management systems.

Although the global need for a reduc-
tion of greenhouse gases in the atmosphere 
calls for the implementation of agricultural 
systems with lower carbon footprints, the 
local role of soil carbon storage in soil fertil-
ity and agricultural production emerges as 
an important regional issue. Therefore, in-
tensification of current agricultural and live-
stock production systems, using existing 
technology and developing innovative solu-
tions, is the most effective way to ensure the 
sustainable development of rural areas.

The data presented support the import-
ance of no-tillage systems for soil carbon 

capture and storage, hydrologic regulation, 
soil erosion control and resilience to ex-
treme events, but suggest that new agricul-
tural practices aimed to increase carbon up-
take by the vegetation and into the soil are 
needed. Such objectives can be achieved by 
developing site-specific management of 
multi-cropping systems that capture more 
efficiently the available water, carbon and 
nutrients, rendering farmers with more op-
tions of marketable products, while in-
creasing farm agrobiodiversity and the de-
livery of ecosystem services. Incentive 
policies aimed at the full adoption of 
no-tillage systems with crop rotations with 
legume cover species, commercial forestry 
consociated with nitrogen-fixing legume 
trees, acceleration of the implementation of 
sugarcane anti-burning legislation and im-
provement of multi-cropping systems should 
be implemented to stimulate a low carbon 
agriculture throughout the continent.
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Abstract
Management of soil organic matter (SOM) has traditionally focused on improving crop productivity 
and hence been considered mainly as a source of plant nutrients. Recently, there has been an increasing 
focus on SOM as a reservoir for carbon (C) and a mechanism of C sequestration, but far less emphasis 
has been placed on managing the regulating, cultural and supporting ecosystem services.

Soils are living bodies, and their multiple ecosystem functions are intimately related to SOM 
transformations and dynamics, which are mediated by soil biotic activity and soil structural dynamics. 
Hence, soil management for multiple ecosystem services needs to focus on the link between SOM, soil 
structure and soil biota, and the regulating factors for this link. Stable or even increased C stocks can 
potentially be achieved by using zero, reduced or conservation tillage, which diminishes the fre-
quency and aggressiveness of ploughing and harrowing, thereby maintaining soil structure and soil 
biota. On the other hand, organic residue input to soil must be increased in order to stabilize or en-
hance C stocks. This implies that crop stubbles should not be burnt and/or only minimally grazed, and 
that pastures should not be overgrazed, leaving the maximum amount of above- and especially below-
ground plant material to be stabilized as SOM. These practices not only affect soil C stocks but also 
will prevent soil losses caused by wind and water erosion and will improve soil water infiltration, 
potentially avoiding flooding and runoff. In order to maintain these vital soil ecosystem functions, it 
is necessary to restore soil structure and the associated soil biodiversity.

Multiple ecosystem services can be preserved by soil management that favours C sequestration 
and biological activity. Most of the vital soil functions that sustain these ecosystem services are related 
to soil structure, and C plays a central role in aggregate formation. Soil management recommendations 
will vary according to the environmental, social and economic conditions of any region, but will also 
have to be accompanied by political and economic actions that favour their implementation.
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Introduction

Carbon (C) is the most abundant element in soil 
organic matter (SOM) and is the one whose pres-
ence or absence drives most biological, physical 
and chemical processes that occur in the soil.

Management of SOM has traditionally 
focused on improving crop productivity. 
Hence, SOM has been considered mainly as 
a source of plant nutrients, and agricultural 
practices were developed with the premise to 
cycle, and hence more easily extract, nutrients 
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during the crop phase of the rotation and to 
replenish nutrient reserves during the 
non-cropping phase (Whitbread et al., 2000). 
The rotation of field crops and grass fallows 
conferred stability to the soil system and 
was a sustainable agricultural production 
system until the advent of inorganic fertil-
izers, herbicides, genetic improvement for 
high-yielding crops and technological in-
novation of mechanized tillage and other 
field operations, which all together consti-
tuted the so-called ‘green revolution’. These 
global changes in agriculture brought about 
a substantial improvement in food produc-
tion, but also produced a decoupling of the 
biological processes in the soil and essential 
nutrient concentrations (Tonitto et  al., 
2006). The availability of inexpensive syn-
thetic nitrogen sources and efficient herbi-
cides promoted this trend and enabled vast 
areas of the world’s most productive land to 
be cultivated to one type of crop for pro-
longed periods (Tilman et al., 2002). The in-
herent problem associated with this type of 
land management is a drastic reduction of 
aboveground plant diversity, which also re-
sults in a decline of soil microbial activity 
and diversity (Milcu et al., 2010), and thus 
in a loss of vital soil functions (Nielsen 
et  al., 2011). Biomass production, protec-
tion of humans and the environment, gene 
reservoir, physical basis of human activ-
ities, source of raw materials and geogenic 
and cultural heritage have been identified 
as key soil functions (Blum, 2005). Soils are 
living bodies and their multiple ecosystem 
functions are intimately related to SOM 
transformations and dynamics, which are 
mediated by soil biotic activity and soil 
structural dynamics (Six et  al., 2002b). 
Hence, soil management for multiple eco-
system services needs to focus on the link 
between SOM, soil structure and soil biota, 
and the regulating factors of this link (Six 
et al., 2004; Wardle et al., 2004).

Recently, there has been a strong focus 
on SOM as a reservoir for C and a mechan-
ism of C sequestration and climate change 
protection (Lal, 2004; Powlson et al., 2011), 
but far less emphasis has been placed on 
managing the regulating, cultural and sup-
porting ecosystem services. The importance 

of soil carbon in relation to addressing 
pressing global issues through the provi-
sioning of various ecosystem services has 
only recently been recognized by policy 
makers (Victoria et al., 2012).

The Soil’s Natural Capital and  
Related Ecosystem Services

The term ‘natural capital’ was brought to 
prominence by Robert Costanza (Costanza 
et al., 1997), who defined natural capital as 
‘the extension of the economic notion of 
capital (manufactured means of production) 
to environmental goods and services. A func-
tional definition of capital in general is: a 
stock that yields a flow of valuable goods or 
services into the future. Natural capital is 
thus the stock of natural ecosystems that 
yields a flow of valuable ecosystem goods or 
services into the future. For example, a 
stock of trees or fish provides a flow of new 
trees or fish, a flow that can be sustained in-
definitely. Natural capital may also provide 
services like recycling wastes or water cap-
ture and erosion control. Since the flow of 
services from ecosystems requires that they 
function as whole systems, the structure 
and diversity of the system are important 
components of natural capital’ (http://www.
eoearth.org/article/Natural_capital, accessed 
22 January 2013).

Only recently, these concepts have 
been applied to soils (Dominati et al., 2010; 
Robinson et al., 2012), despite the obvious 
relevance of natural capital and ecosystem 
services to soil science. The lack of consist-
ent typology or terminology for ecosystem 
services means that properties, processes, 
functions and services become used inter-
changeably, leading to confusion (Robinson 
et  al., 2012), and often the focus on final 
goods and services ignores the importance 
of soils in their delivery. In an attempt to 
clarify the concepts and develop a natural 
capital–ecosystem services framework for 
soils, Dominati and colleagues (Dominati 
et al., 2010) defined the soils’ natural cap-
ital through its inherent physical properties 
such as depth, clay contents and type, along 

http://www.eoearth.org/article/Natural_capital
http://www.eoearth.org/article/Natural_capital
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with manageable properties such as nutri-
ent availability, SOM, pH, etc. (Fig. 22.1). 
These properties can change under the in-
fluence of natural processes, such as climate 
and geological processes, or due to an-
thropogenic factors, such as land use and 
farming technology. Through the natural 
capital of soils, ecosystem services can be 
defined that fulfil human needs (Fig. 22.1).

Most of the manageable soil properties 
can be directly related to soil C. For in-
stance, SOM contains more than 50% of 
total soil C; nitrogen and sulfur availabil-
ity are directly linked to the C cycle (Cadisch 
et al., 1996); macroporosity, aggregate size, 
bulk density and other soil physical 
properties have been shown to be dir-
ectly related to soil C (Plante and McGill, 
2002; Scott et al., 2002; Six et al., 2002a, 
2004; Holeplass et al., 2004; Dexter et al., 
2008; Noellemeyer et al., 2008;  Urbanek 
et al., 2011).

Ecosystem Services and  
Soil-based Processes

Regardless of the type of ecosystem service, 
soil processes provide key functioning to 
satisfy human needs. These soil-based pro-
cesses can provide agricultural goods in 
the form of food and fibre, as well as non- 
agricultural services (Fig. 22.2).

The non-agricultural services provided 
by soil-based processes are vital to human 
needs, and all of the processes that deliver 
these services are directly related to the 
soil’s C stocks and cycle. Soil management 
for sustaining water supply and quality will 
also improve erosion control, atmospheric 
composition and climate regulation. All 
these ecosystem services are very intimately 
dependent on the soil’s structure and soil 
organic carbon (SOC) dynamics. The basic 
principles for soil management that im-
proves SOC and soil structure consist of 

Soil natural capital Ecosystem services

Human needs• Cultural• Inherent properties

• Regulating
• flood mitigation

• filtering of nutrients

• biological control of pests

• recycling of wastes and
detoxification

• carbon storage and
regulation of N2O and CH4

• Provisioning
• physical support

• food, wood and fibre

• raw materials

• Manageable properties

• slope • spirituality

• Social

• Self-actualization

• Psychological, esteem

• Safety and security

• Physiological

• knowledge

• sense of place

• aesthetics

• orientation
• depth
• clay types
• texture
• subsoil aggregates
• stoniness
• subsoil strength
• wetness

• soluble phosphate
• mineral nitrogen
• soil organic matter
• carbon content
• temperature
• pH
• land cover
• macroporosity
• bulk density
• topsoil strength
• topsoil aggregates

Fig. 22.1. Soil natural capital, ecosystem services and human needs. (From Dominati et al., 2010.)
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 reducing carbon losses through excessive 
respiration rates that are associated to con-
ventional ploughing operations. Zero tillage 
is a widely used technology that produces 
only minimal disturbance of the soil and 
therefore induces less microbial respiration 
than the traditional mouldboard plough. 
This technique also confers permanent resi-
due cover to the soil, preventing bare soil 
from being exposed to eroding winds or rain-
fall (specific examples of regional agricul-
tural practices that improve the soil’s car-
bon budget and enhance ecosystem services 
are given in Chapters 23–28 of this volume.) 
Crop rotations that include perennial crops, 
such as grass leys, also contribute to reduce 
C emissions, especially during the ley phase. 
High-yielding crops provide the basis for 
high residue returns to the soil. Residue 
management that removes large proportions 
of postharvest crop remnants, as for in-
stance for biofuel production or straw bales, 
has a negative impact on the SOC content of 
soils (Lal, 2009). The biological activity of 
the soil is crucial for building and maintaining 

good soil structure (Six, 2004; Ayuke et al., 
2011). Apart from aboveground plant mater-
ials, root biomass and exudates constitute 
an important food source for microorgan-
isms, earthworms and other higher organ-
isms as well (Kong and Six, 2010; Kong 
et al., 2011).

Soil Carbon Management for Specific 
and Multiple Ecosystem Services

Soil structure maintenance  
and improvement

Soil structure is the result of the interaction 
between soil mineral, inorganic and organic 
constituents that form stable aggregates 
(Niewczas, 2003; Elmholt et  al., 2008). In 
most soils, organic matter is the most import-
ant binding agent contributing to aggregate 
stability (Chivenge et al., 2011), although in 
many tropical soils metal and alkali ions 
are very important in maintaining structure 

Agricultural goods Soil-based delivery
processes

Aggregate ecosystem
functions

1. C transformations

2. Nutrient cycling
Soil-based delivery
processes

Nutrient capture and
cycling

Nutrient cycling

Nutrient cycling

OM input
decomposition

Decomposition

SOM dynamics

SOM dynamics

Soil structure
maintenance

Soil structure
maintenance

Soil structure
maintenance

3. Soil structure
maintenance

4. Biological population
regulation

Biological population
regulation

Biological population
regulation
Habitat provision

Biological population
regulation

Food and fibre

Non-agricultural services

Water quality and supply

Erosion control

Atmospheric composition
and climate regulation

Pollutant attenuation and
degradation

Pest and disease control

Biodiversity conservation

Fig. 22.2. Ecosystem services and the related soil-based processes. (From Pulleman et al., 2012.)
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(Six et al., 2000; Barthes et al., 2008). The 
arrangement of stable aggregates defines the 
soil pore volume and size distribution, 
which in turn affects most soil properties 
related to water and gas transport (Horn 
and Smucker, 2005). Many studies have 
shown that soils under permanent pastures 
have better structure than agricultural soils 
that are tilled frequently (Pulleman and 
Marinissen, 2004; Zach et al., 2006; Noelle-
meyer et  al., 2008; Berhongaray et  al., 
2013). This is one way in which crop rota-
tions that include grass fallows contribute 
to soil structure maintenance. No-till (NT) 
agriculture (see Chapter 23, this volume) 
also has been shown to improve soil struc-
ture when compared to traditional ploughed 
cultivation systems through reducing soil 
disturbance (Six et  al., 2002b; Smith and 
Bolton, 2003; Hollinger et  al., 2005; Zo-
tarelli et al., 2005; Lorenz et al., 2006; Lal 
et al., 2007; Quiroga et al., 2009; Fernández 
et al., 2010; López et al., 2012). However, C 
input into a soil is also a major factor in sta-
bilizing soil structure and soil C (Kong and 
Six, 2010). Therefore NT combined with 
other agricultural practices that enhance C 
input such as mulching (Rockström et al., 
2009) and planting of cover crops will fur-
ther stabilize soil structure and increase 
soil C (Ding et al., 2006; Alletto et al., 2011; 
dos Santos et  al., 2011; Restovich et  al., 
2012; Zhu et al., 2012).

Soil carbon management  
for erosion control

The loss of mineral and organic soil par-
ticles through water and wind erosion cause 
an irreversible loss of resources that sustain 
soil-based ecosystem services. In some cases, 
erosional processes transport both organic 
matter and clay particles short distances, and 
result in a spatial redistribution of these 
elements (Polyakov and Lal, 2004; Li et al., 
2008a,b): in many cases, however, the 
eroded particles are transported much 
greater distances and lost from productive 
lands (Ballantine et al., 2005). The preven-
tion of soil erosion depends largely on the 
stability of soil structure (Fattet et al., 2011) 

and therefore is affected strongly by SOM 
dynamics. SOM content is an important fac-
tor determining aggregate stability (Cerda, 
2000; Eynard et al., 2004), and the dry ag-
gregate size fraction (<0.84 mm) can be used 
as an indicator of the susceptibility of soils 
to wind erosion (Zobeck et al., 2003; López 
et al., 2007). A shift from conventional cul-
tivation to conservation tillage systems can 
reduce water (Schuller et  al., 2007) and 
wind erosion drastically (Hevia et al., 2007). 
This beneficial effect of conservation tillage 
has been related to higher SOM contents 
and greater surface porosity under conser-
vation till (Kirkby et al., 2000; Rhoton and 
Shipitalo, 2002). Another factor contribut-
ing to erosion control is the permanent soil 
cover provided by living or dead plants 
under conservation tillage (López et  al., 
2003; Soane et al., 2011) or natural vegeta-
tion systems (Adema et al., 2004). Repeated 
ploughing to a fixed depth can lead to sub-
surface soil compaction and the formation 
of plough layers (Hamza and Anderson, 
2005), which reduce water infiltration and 
hence increase erosion (Zink et  al., 2011). 
Rotational and integrated cropping systems 
that promote subsurface root development 
can mitigate the effect of repeated plough-
ing (Keller et  al., 2012). In rangelands or 
pastures, grazing intensity is an important 
driver of erosion; overgrazing promotes ero-
sion (Oztas, 2003) by compacting the soil’s 
surface layer (Franzluebbers and Stuede-
mann, 2008; Steffens et  al., 2008; Barto 
et al., 2010) and reducing above- and below-
ground C inputs.

Soil management for climate  
regulation

Soil C stocks are determined by inherent 
soil properties such as clay content and 
type, as well as climate, vegetation and land 
use (Swift, 2001; Noellemeyer et al., 2006; 
Gili et al., 2010). Soils have a finite quantity 
of C they can store, and the potential for C 
sequestration in a given area will be greatest 
for degraded soils with C contents well 
below their saturation level (Six et  al., 
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2002a; Stewart et al., 2007). This could be 
the case for revegetation of degraded agri-
cultural lands in marginal zones (Zach 
et al., 2006; Powlson et al., 2011). The UN 
Commission on Sustainable Development 
agrees on the need to find viable mitigation 
and adaptation strategies to address climate 
change (Bierbaum et al., 2007) that include 
reduction of CO2 emissions and C sequestra-
tion. The protection of current soil C stocks 
has an important impact on the global C 
budget (Ingram and Fernandes, 2001), and 
it is imperative to prevent deforestation 
for cultivation and to encourage simultan-
eously the adoption of conservation tillage, 
cover crops and higher crop production sys-
tems across the globe (Follett, 2001). Strat-
egies to mitigate climate change should also 
include soil management that increases the 
residence time of C in soils (Jastrow et al., 
2006) by using perennial crops and less fre-
quent tillage that favour a slower turnover 
rate of SOC. These practices may also re-
duce soil N2O emissions (Drury et al., 2004; 
Petersen et  al., 2011). Excessive applica-
tions of nitrogen (N) fertilizer should be 
avoided, since high N availability increases 
C turnover and N2O emissions, favouring C 
emissions (Gärdenäs et al., 2011). Further-
more, Powlson et  al. (2011) argue that 
 reduced tillage coupled with agricultural 
intensification through enhanced plant 
productivity with synthetic fertilizers and 
irrigation water can offset gains in soil C 
through increased emissions related to fer-
tilizer and herbicide production and irriga-
tion energy requirements, and therefore 
cannot be considered net C gains. In semi-arid 
regions, inorganic carbon in the form of cal-
cium carbonates also can play an import-
ant role as C sinks (Laudicina et al., 2013), 
and soil acidification can produce exces-
sive solubilization and C losses in these 
environments.

Soil management for improved pollutant 
attenuation and degradation

Properties that account for pollutant attenu-
ation and degradation functions are mostly 

related to biological activity and SOC 
dynamics in soils, but also to inorganic and 
mineral constituents that determine ion ex-
change and sorption capacity. Soil drainage 
and aeration, both strongly related to soil 
structure, also have a marked effect on the 
speciation of metals, thus regulating the 
bioavailability and biotoxicity of metal 
ions. Soil biological activity and SOC dy-
namics determine the cycling and storage of 
elements that can become pollutants when 
leached to the groundwater, such as nitro-
gen and phosphorus. The implementation 
of catch and cover crops can, however, be a 
very effective option to retain these nutri-
ents in the soil and promote their slower re-
lease (Tonitto et  al., 2006; Piotrowska and 
Wilczewski, 2012; Zhu et al., 2012), thereby 
preventing pollution and eutrophication of 
water bodies.

Soil management for pest  
and disease control

Before the advance of synthetic pesticides, 
crop rotations were the only means to con-
trol agricultural crop pests and diseases. 
The principle consists of diminishing the 
amount of harmful organisms that can af-
fect crops by changing the type of plants 
cultivated and thus preventing the same 
host plants each season for pests and dis-
ease propagation. For example, the rota-
tion of crops has been shown to reduce 
root damage by Fusarium, a common soil 
fungal pathogen (Nayyar et  al., 2009). In 
modern agriculture, however, agrochem-
icals are applied to control pests and dis-
eases, and how these substances affect the 
soil’s biosphere is not fully understood 
(Zhang et al., 2010). Nevertheless, it is well 
known that higher biological activity im-
proves crop health (Pulleman et al., 2012; 
Thiele-Bruhn et al., 2012) and suppresses 
plant diseases (Brussaard et  al., 2007). 
Thus, soil management that includes crop 
rotations and maintains high levels of C in-
put will favour the soil’s biological activity 
and contribute to the control of pests and 
crop diseases.
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Soil management for biodiversity  
conservation

Biodiversity is crucial for all soil functions (Al-
tieri, 1999), specifically those that are related to 
SOC cycling, and the loss of diversity in mod-
ern agricultural monocultures implies a social 
cost (Hietala-Koivu et  al., 2004). Yet, simply 
adding more species to the cropped fields 
might not result in enhanced soil-based eco-
system functions (Jackson et al., 2007); instead, 
well-conceived analogues to natural systems 
must be envisioned (Kirschenmann, 2007); for 
example, the traditional Mayan home gardens 
(Flores-Delgadillo et al., 2011). Land use, man-
agement intensity and fertilization have im-
portant effects on soil biota (Jangid et al., 2008); 
particularly, the presence of roots stimulates 
soil biological activity and diversity (Kong 
et al., 2011). Reduced soil disturbance such as 
with conservation tillage, residue retention 
and the use of cover crops promote biological 
activity and favour microbial biomass (Kus-
hwaha et  al., 2001; Dinesh, 2004; Helgason 
et al., 2010; Nielsen et al., 2011).

Incentives and Actions Needed  
for Implementing Sustainable 

 Management Practices

New incentives and policies for ensuring the 
sustainability of agriculture and ecosystem 
services will be crucial if we are to meet the 
demands of improving food security without 
compromising environmental integrity or 
public health (Tilman et al., 2002). There are 
several successful examples of policies and 
incentives that have promoted the conserva-
tion of environmental goods and services. 
For instance, Bawa et al. (2007) report that, at 
several sites in India’s biodiversity hotspots, 
interventions of a non-governmental organ-
ization (NGO) have improved the livelihoods 
of several rural communities by providing in-
creased income from non-timber forest prod-
ucts (NTFPs), diversification of livelihoods 
and enhanced agricultural production. These 
interventions have improved the prospects 
for sustainable land use in forest–agriculture 
ecotones. Simultaneously, these interventions 

have strengthened a range of village level and 
regional institutions that play a critical role 
in the rural economy and the conservation of 
biodiversity. Jackson et al. (2007) considered 
that farmers might avoid intensification by 
investing in the agrobiodiversity and conser-
vation of heterogeneous environments, as 
shown for land races of maize that are main-
tained in Mexico (Flores-Delgadillo et  al., 
2011). In contrast, in landscapes with less 
environmental and cultural heterogeneity, 
farmers usually disinvest in agrobiodiversity 
as an asset due to the lack of incentives 
offered by markets and other institutions at 
both local and larger scales, especially when 
synthetic inputs are available at low cost 
(Pascual and Perrings, 2007). Strategies that 
intend to reverse these trends must take into 
account stakeholder and local knowledge to 
define the benefits and management options 
of increased diversity (Barrios and Trejo, 
2003; Payraudeau and Vanderwerf, 2005). In 
many countries, there are stakeholder organ-
izations that have explicit objectives of soil 
conservation through collaboration with 
research; for example, in Australia they 
have actively promoted precision agriculture 
(Jochinke et al., 2007), whereas in Argentina 
they have focused on no-till farming (Caride 
et al., 2012). Nevertheless, the importance of 
economics in the implementation of sustain-
able land management (Osinski, 2003) im-
plies that policies for good agricultural prac-
tices have to be developed at a regional scale 
(Piorr, 2003). Local land-use strategies may be 
highly diverse and, depending on the socio- 
economic and biophysical context, range 
from subsistence farming to industrialized 
cash crops (Mertz et al., 2005). We will have 
to solve these problems by integrating bio-
physical, socio-economical and cultural con-
straints (Spiertz, 2012) for optimal land man-
agement to achieve carbon sequestration and 
other identified positive ecosystem services 
that are driven by soil C.

Conclusions

Multiple ecosystem services can be pre-
served by soil management that favours SOC 
stabilization and soil biological activity. 
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Most of the vital soil functions that sustain 
these ecosystem services are related to soil 
structure, and C plays a central role in the 
formation of a stable soil structure. Soil 
management recommendations will vary 

 according to the environmental, social and 
economic conditions of any region, but will 
also have to be accompanied by political 
and economic actions that favour their im-
plementation.

References

Adema, E.O., Buschiazzo, D.E., Babinec, F.J., Rucci, T.E. and Hermida, V.F.G. (2004) Mechanical control 
of shrubs in a semiarid region of Argentina and its effect on soil water content and grassland product-
ivity. Agricultural Water Management 68, 185–194.

Alletto, L., Coquet, Y. and Justes, E. (2011) Effects of tillage and fallow period management on soil physical 
behaviour and maize development. Agricultural Water Management 102, 74–85.

Altieri, M.A. (1999) The ecological role of biodiversity in agroecosystems. Agriculture, Ecosystems and En-
vironment 74, 19–31.

Ayuke, F.O., Brussaard, L., Vanlauwe, B., Six, J., Lelei, D.K., Kibunja, C.N. and Pulleman, M.M. (2011) Soil 
fertility management: impacts on soil macrofauna, soil aggregation and soil organic matter allocation. 
Applied Soil Ecology 48, 53–62.

Ballantine, J.-A.C., Okin, G.S., Prentiss, D.E. and Roberts, D.A. (2005) Mapping North African landforms 
using continental scale unmixing of MODIS imagery. Remote Sensing of Environment 97, 470–483.

Barrios, E. and Trejo, M.T. (2003) Implications of local soil knowledge for integrated soil management in 
Latin America. Geoderma 111, 217–231.

Barthes, B., Kouakoua, E., Larrelarrouy, M., Razafimbelo, T., Deluca, E., Azontonde, A., Neves, C., Defreitas, P. 
and Feller, C. (2008) Texture and sesquioxide effects on water-stable aggregates and organic matter 
in some tropical soils. Geoderma 143, 14–25.

Barto, E.K., Alt, F., Oelmann, Y., Wilcke, W. and Rillig, M.C. (2010) Contributions of biotic and abiotic factors 
to soil aggregation across a land use gradient. Soil Biology and Biochemistry 42, 2316–2324.

Bawa, K.S., Joseph, G. and Setty, S. (2007) Poverty, biodiversity and institutions in forest-agriculture eco-
tones in the Western Ghats and Eastern Himalaya ranges of India. Agriculture, Ecosystems and 
Environment 121, 287–295.

Berhongaray, G., Alvarez, R., De Paepe, J., Caride, C. and Cantet, R. (2013) Land use effects on soil carbon 
in the Argentine Pampas. Geoderma 192, 97–110.

Bierbaum, R., Holdren, J.P., McCracken, M., Moss, R.A. and Raven, P.H. (2007) Confronting climate 
change: avoiding the unmanageable and managing the unavoidable. Scientific Expert Group Report 
on Climate Change and Sustainable Development. Report prepared for the United Nations Commis-
sion on Sustainable Development. Sigma Xi, Research Triangle Park, North Carolina, and the United 
Nations Foundation, Washington, DC, 144 pp.

Blum, W.E.H. (2005) Functions of soil for society and the environment. Reviews in Environmental Science 
and Bio/Technology 4, 75–79.

Brussaard, L., De Ruiter, P.C. and Brown, G.G. (2007) Soil biodiversity for agricultural sustainability. Agri-
culture, Ecosystems and Environment 121, 233–244.

Cadisch, G., Imhof, H., Urquiaga, S., Boddey, R. and Giller, K. (1996) Carbon turnover ([delta] 13C) and 
nitrogen mineralization potential of particulate light soil organic matter after rainforest clearing. Soil 
Biology and Biochemistry 28, 1555–1567.

Caride, C., Piñeiro, G. and Paruelo, J.M. (2012) How does agricultural management modify ecosystem ser-
vices in the Argentine Pampas? The effects on soil C dynamics. Agriculture, Ecosystems and Environ-
ment 154, 23–33.

Cerda, A. (2000) Aggregate stability against water forces under different climates on agriculture land and 
scrubland in southern Bolivia. Plant and Soil 57, 159–166.

Chivenge, P., Vanlauwe, B., Gentile, R. and Six, J. (2011) Comparison of organic versus mineral resource 
effects on short-term aggregate carbon and nitrogen dynamics in a sandy soil versus a fine textured 
soil. Agriculture, Ecosystems and Environment 140, 361–371.

Costanza, R., Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem, S., O'Neill, R.V., 
Paruelo, J. et al. (1997) The value of the world’s ecosystem services and natural capital. Nature 387, 
253–260.



 Soil Carbon Management for Multiple Ecosystem Benefits 273

Dexter, A., Czyz, E., Richard, G. and Reszkowska, A. (2008) A user-friendly water retention function that 
takes account of the textural and structural pore spaces in soil. Geoderma 143, 243–253.

Dinesh, R. (2004) Long-term influence of leguminous cover crops on the biochemical properties of a sandy 
clay loam Fluventic Sulfaquent in a humid tropical region of India. Soil and Tillage Research 77, 69–77.

Ding, G., Liu, X., Herbert, S., Novak, J., Amarasiriwardena, D. and Xing, B. (2006) Effect of cover crop man-
agement on soil organic matter. Geoderma 130, 229–239.

Dominati, E., Patterson, M. and Mackay, A. (2010) A framework for classifying and quantifying the natural 
capital and ecosystem services of soils. Ecological Economics 69, 1858–1868.

dos Santos, N.Z., Dieckow, J., Bayer, C., Molin, R., Favaretto, N., Pauletti, V. and Piva, J.T. (2011) Forages, 
cover crops and related shoot and root additions in no-till rotations to C sequestration in a subtropical 
Ferralsol. Soil and Tillage Research 111, 208–218.

Drury, C., Yang, X., Reynolds, W. and Tan, C. (2004) Influence of crop rotation and aggregate size on carbon 
dioxide production and denitrification. Soil and Tillage Research 79, 87–100.

Elmholt, S., Schjønning, P., Munkholm, L.J. and Debosz, K. (2008) Soil management effects on aggregate 
stability and biological binding. Geoderma 144, 455–467.

Eynard, A., Schumacher, T., Lindstrom, M. and Malo, D. (2004) Aggregate sizes and stability in cultivated 
South Dakota prairie Ustolls and Usterts. Soil Science Society of America Journal 68, 1360–1365.

Fattet, M., Fu, Y., Ghestem, M., Ma, W., Foulonneau, M., Nespoulous, J., Le Bissonnais, Y. and Stokes, A. 
(2011) Effects of vegetation type on soil resistance to erosion: relationship between aggregate stability 
and shear strength. Catena 87, 60–69.

Fernández, R., Quiroga, A., Zorati, C. and Noellemeyer, E. (2010) Carbon contents and respiration rates of 
aggregate size fractions under no-till and conventional tillage. Soil and Tillage Research 109, 103–109.

Flores-Delgadillo, L., Fedick, S.L., Solleiro-Rebolledo, E., Palacios-Mayorga, S., Ortega-Larrocea, P., 
Sedov, S. and Osuna-Ceja, E. (2011) A sustainable system of a traditional precision agriculture in a 
Maya homegarden: soil quality aspects. Soil and Tillage Research 113, 112–120.

Follett, R.F. (2001) Soil management concepts and carbon sequestration in cropland soils. Soil and Tillage 
Research 61, 77–92.

Franzluebbers, A. and Stuedemann, J. (2008) Soil physical responses to cattle grazing cover crops under 
conventional and no tillage in the Southern Piedmont USA. Soil and Tillage Research 100, 141–153.

Gärdenäs, A.I., Ågren, G.I., Bird, J.A., Clarholm, M., Hallin, S., Ineson, P., Kätterer, T., Knicker, H., Nilsson, S.I., 
Näsholm, T. et al. (2011) Knowledge gaps in soil carbon and nitrogen interactions – from molecular to 
global scale. Soil Biology and Biochemistry 43, 702–717.

Gili, A., Trucco, R., Niveyro, S., Balzarini, M., Estelrich, D., Quiroga, A. and Noellemeyer, E. (2010) Soil tex-
ture and carbon dynamics in savannah vegetation patches of central Argentina. Soil Science Society 
of America Journal 74, 647–657.

Hamza, M. and Anderson, W. (2005) Soil compaction in cropping systems: a review of the nature, causes 
and possible solutions. Soil and Tillage Research 82, 121–145.

Helgason, B.L., Walley, F.L. and Germida, J.J. (2010) No-till soil management increases microbial biomass 
and alters community profiles in soil aggregates. Applied Soil Ecology 46, 390–397.

Hevia, G.G., Mendez, M. and Buschiazzo, D.E. (2007) Tillage affects soil aggregation parameters linked 
with wind erosion. Geoderma 140, 90–96.

Hietala-Koivu, R., Lankoski, J. and Tarmi, S. (2004) Loss of biodiversity and its social cost in an agricultural 
landscape. Agriculture, Ecosystems and Environment 103, 75–83.

Holeplass, H., Singh, B.R. and Lal, R. (2004) Carbon sequestration in soil aggregates under different crop 
rotations and nitrogen fertilization in an inceptisol in southeastern Norway. Nutrient Cycling in Agro-
ecosystems 70, 167–177.

Hollinger, S.E., Bernacchi, C.J. and Meyers, T.P. (2005) Carbon budget of mature no-till ecosystem in North 
Central Region of the United States. Agricultural and Forest Meteorology 130, 59–69.

Horn, R. and Smucker, A. (2005) Structure formation and its consequences for gas and water transport in 
unsaturated arable and forest soils. Soil and Tillage Research 82, 5–14.

Ingram, J. and Fernandes, E. (2001) Managing carbon sequestration in soils: concepts and terminology. 
Agriculture, Ecosystems and Environment 87, 111–117.

Jackson, L., Pascual, U., Brussaard, L., Deruiter, P. and Bawa, K. (2007) Biodiversity in agricultural land-
scapes: investing without losing interest. Agriculture, Ecosystems and Environment 121, 193–195.

Jangid, K., Williams, M., Franzluebbers, A., Sanderlin, J., Reeves, J., Jenkins, M., Endale, D., Coleman, D. 
and Whitman, W. (2008) Relative impacts of land-use, management intensity and fertilization upon 
soil microbial community structure in agricultural systems. Soil Biology and Biochemistry 40, 
2843–2853.



274 E. Noellemeyer and J. Six 

Jastrow, J.D., Amonette, J.E. and Bailey, V.L. (2006) Mechanisms controlling soil carbon turnover and their 
potential application for enhancing carbon sequestration. Climatic Change 80, 5–23.

Jochinke, D., Noonon, B., Wachsmann, N. and Norton, R. (2007) The adoption of precision agriculture in an 
Australian broadacre cropping system – challenges and opportunities. Field Crops Research 104, 68–76.

Keller, T., Sutter, J.A., Nissen, K. and Rydberg, T. (2012) Using field measurement of saturated soil hydraulic 
conductivity to detect low-yielding zones in three Swedish fields. Soil and Tillage Research 124, 68–77.

Kirkby, M.J., Le Bissonais, Y., Coulthard, T.J., Daroussin, J. and McMahon, M.D. (2000) The development of 
land quality indicators for soil degradation by water erosion. Agriculture, Ecosystems and Environment 
81, 125–135.

Kirschenmann, F.L. (2007) Potential for a new generation of biodiversity in agroecosystems of the future. 
Agronomy Journal 99, 373–376.

Kong, A.Y.Y. and Six, J. (2010) Tracing root vs. residue carbon into soils from conventional and alternative 
cropping systems. Soil Science Society of America Journal 74, 1201–1210.

Kong, A.Y.Y., Scow, K.M., Córdova-Kreylos, A.L., Holmes, W.E. and Six, J. (2011) Microbial community com-
position and carbon cycling within soil microenvironments of conventional, low-input, and organic 
cropping systems. Soil Biology and Biochemistry 43, 20–30.

Kushwaha, C.P., Tripathi, S.K. and Singh, K.P. (2001) Soil organic matter and water-stable aggregates under 
different tillage and residue conditions in a tropical dryland agroecosystem. Applied Soil Ecology 16, 
229–241.

Lal, R. (2004) Soil carbon sequestration to mitigate climate change. Geoderma 123, 1–22.
Lal, R. (2009) Soil quality impacts of residue removal for bioethanol production. Soil and Tillage Research 

102, 233–241.
Lal, R., Reicosky, D.C. and Hanson, J.D. (2007) Evolution of the plow over 10,000 years and the rationale 

for no-till farming. Soil and Tillage Research 93, 1–12.
Laudicina, V.A., Scalenghe, R., Pisciotta, A., Parello, F. and Dazzi, C. (2013) Pedogenic carbonates and 

carbon pools in gypsiferous soils of a semiarid Mediterranean environment in south Italy. Geoderma 
192, 31–38.

Li, J., Okin, G.S., Alvarez, L. and Epstein, H. (2008a) Effects of wind erosion on the spatial heterogeneity of 
soil nutrients in two desert grassland communities. Biogeochemistry 88, 73–88.

Li, J., Okin, G.S., Alvarez, L.J. and Epstein, H.E. (2008b) Sediment deposition and soil nutrient heterogen-
eity in two desert grassland ecosystems, southern New Mexico. Plant and Soil 319, 67–84.

López, M.V., Moret, D., Gracia, R. and Arrúe, J.L. (2003) Tillage effects on barley residue cover during fallow 
in semiarid Aragon. Soil and Tillage Research 72, 53–64.

López, M.V., De Dios Herrero, J.M., Hevia, G.G., Gracia, R. and Buschiazzo, D.E. (2007) Determination of 
the wind-erodible fraction of soils using different methodologies. Geoderma 139, 407–411.

López, M.V., Blanco-Moure, N., Limón, M.Á. and Gracia, R. (2012) No tillage in rainfed Aragon (NE Spain): 
effect on organic carbon in the soil surface horizon. Soil and Tillage Research 118, 61–65.

Lorenz, K., Lal, R. and Shipitalo, M.J. (2006) Stabilization of organic carbon in chemically separated pools 
in no-till and meadow soils in Northern Appalachia. Geoderma 137, 205–211.

Mertz, O., Wadley, R. and Christensen, A. (2005) Local land use strategies in a globalizing world: subsist-
ence farming, cash crops and income diversification. Agricultural Systems 85, 209–215.

Milcu, A., Thebault, E., Scheu, S. and Eisenhauer, N. (2010) Plant diversity enhances the reliability of be-
lowground processes. Soil Biology and Biochemistry 42, 2102–2110.

Nayyar, A., Hamel, C., Lafond, G., Gossen, B.D., Hanson, K. and Germida, J. (2009) Soil microbial quality 
associated with yield reduction in continuous-pea. Applied Soil Ecology 43, 115–121.

Nielsen, U.N., Ayres, E., Wall, D.H. and Bardgett, R.D. (2011) Soil biodiversity and carbon cycling: a review 
and synthesis of studies examining diversity-function relationships. European Journal of Soil Science 
62, 105–116.

Niewczas, J. (2003) Index of soil aggregates stability as linear function value of transition matrix elements. 
Soil and Tillage Research 70, 121–130.

Noellemeyer, E., Quiroga, A. and Estelrich, D. (2006) Soil quality in three range soils of the semi-arid Pampa 
of Argentina. Journal of Arid Environments 65, 142–155.

Noellemeyer, E., Frank, F., Alvarez, C., Morazzo, G. and Quiroga, A. (2008) Carbon contents and aggrega-
tion related to soil physical and biological properties under a land-use sequence in the semiarid region 
of central Argentina. Soil and Tillage Research 99, 179–190.

Osinski, E. (2003) Economic perspectives of using indicators. Agriculture, Ecosystems and Environment 
98, 477–482.



 Soil Carbon Management for Multiple Ecosystem Benefits 275

Oztas, T. (2003) Changes in vegetation and soil properties along a slope on overgrazed and eroded range-
lands. Journal of Arid Environments 55, 93–100.

Pascual, U. and Perrings, C. (2007) Developing incentives and economic mechanisms for in situ biodiver-
sity conservation in agricultural landscapes. Agriculture, Ecosystems and Environment 121, 256–268.

Payraudeau, S. and Vanderwerf, H. (2005) Environmental impact assessment for a farming region: a review 
of methods. Agriculture, Ecosystems and Environment 107, 1–19.

Petersen, S.O., Mutegi, J.K., Hansen, E.M. and Munkholm, L.J. (2011) Tillage effects on N2O emissions as 
influenced by a winter cover crop. Soil Biology and Biochemistry 43, 1509–1517.

Piorr, H. (2003) Environmental policy, agri-environmental indicators and landscape indicators. Agriculture, 
Ecosystems and Environment 98, 17–33.

Piotrowska, A. and Wilczewski, E. (2012) Effects of catch crops cultivated for green manure and mineral 
nitrogen fertilization on soil enzyme activities and chemical properties. Geoderma 189–190, 72–80.

Plante, A.F. and McGill, W.B. (2002) Soil aggregate dynamics and the retention of organic matter in laboratory- 
incubated soil with differing simulated tillage frequencies. Sciences-New York 66, 79–92.

Polyakov, V. and Lal, R. (2004) Modeling soil organic matter dynamics as affected by soil water erosion. 
Environment International 30, 547–556.

Powlson, D.S., Whitmore, A.P. and Goulding, K.W.T. (2011) Soil carbon sequestration to mitigate climate 
change: a critical re-examination to identify the true and the false. European Journal of Soil Science 
62, 42–55.

Pulleman, M., Creamer, R., Hamer, U., Helder, J., Pelosi, C., Pérès, G. and Rutgers, M. (2012) Soil biodiver-
sity, biological indicators and soil ecosystem services – an overview of European approaches. Current 
Opinion in Environmental Sustainability 4, 529–538.

Pulleman, M.M. and Marinissen, J.C.Y. (2004) Physical protection of mineralizable C in aggregates from 
long-term pasture and arable soil. Geoderma 120, 273–282.

Quiroga, A., Fernández, R. and Noellemeyer, E. (2009) Grazing effect on soil properties in conventional 
and no-till systems. Soil and Tillage Research 105, 164–170.

Restovich, S.B., Andriulo, A.E. and Portela, S.I. (2012) Introduction of cover crops in a maize–soybean rotation 
of the Humid Pampas: effect on nitrogen and water dynamics. Field Crops Research 128, 62–70.

Rhoton, F. and Shipitalo, M. (2002) Runoff and soil loss from midwestern and southeastern US silt loam 
soils as affected by tillage practice and soil organic matter content. Soil and Tillage Research 66, 1–11.

Robinson, D.A., Hockley, N., Cooper, D., Emmett, B.A., Keith, A.M., Lebron, I., Reynolds, B., Tipping, E., 
Tye, A.M., Watts, C.W. et al. (2012) Natural capital and ecosystem services, developing an appropriate 
soils framework as a basis for valuation. Soil Biology and Biochemistry 57, 1023–1033.

Rockström, J., Kaumbutho, P., Mwalley, J., Nzabi, A.W., Temesgen, M., Mawenya, L., Barron, J., Mutua, J. 
and Damgaard-Larsen, S. (2009) Conservation farming strategies in East and Southern Africa: yields 
and rain water productivity from on-farm action research. Soil and Tillage Research 103, 23–32.

Schuller, P., Walling, D.E., Sepúlveda, A., Castillo, A. and Pino, I. (2007) Changes in soil erosion associated 
with the shift from conventional tillage to a no-tillage system, documented using 137Cs measure-
ments. Soil and Tillage Research 94, 183–192.

Scott, N.A., Tate, K.R., Giltrap, D.J., Tattersall Smith, C., Wilde, R.H., Newsome, P.F.J. and Davis, M.R. 
(2002) Monitoring land-use change effects on soil carbon in New Zealand: quantifying baseline soil 
carbon stocks. Environmental Pollution (Barking, Essex: 1987) 116(Suppl), S167–S186.

Six, J. (2004) A history of research on the link between (micro)aggregates, soil biota, and soil organic mat-
ter dynamics. Soil and Tillage Research 79, 7–31.

Six, J., Elliott, E.T. and Paustian, K. (2000) Soil macroaggregate turnover and microaggregate formation:  
a mechanism for C sequestration under no-tillage agriculture. Journal of Soil Science 32, 2099–2103.

Six, J., Conant, R.T., Paul, E.A. and Paustian, K. (2002a) Stabilization mechanisms of soil organic matter: 
implications for C-saturation of soils. Plant and Soil 241, 155–176.

Six, J., Feller, C., Denef, K., Ogle, S.M., de Moraes Sa, J.C. and Albrecht, A. (2002b) Soil organic matter, 
biota and aggregation in temperate and tropical soils – effects of no-tillage. Agronomie 22, 755–775.

Six, J., Bossuyt, H., Degryze, S. and Denef, K. (2004) A history of research on the link between (micro)
aggregates, soil biota, and soil organic matter dynamics. Soil and Tillage Research 79, 7–31.

Smith, J.M.B.J.L. and Bolton, V.L.B.H. (2003) Priming effect and C storage in semi-arid no-till spring crop 
rotations. Canadian Journal of Soil Science 37, 237–244.

Soane, B.D., Ball, B.C., Arvidsson, J., Basch, G., Moreno, F. and Roger-Estrade, J. (2011) No-till in northern, 
western and south-western Europe: a review of problems and opportunities for crop production and 
the environment. Soil and Tillage Research 118, 66–87.



276 E. Noellemeyer and J. Six 

Spiertz, H. (2012) Avenues to meet food security. The role of agronomy on solving complexity in food 
 production and resource use. European Journal of Agronomy 43, 1–8.

Steffens, M., Kolbl, A., Totsche, K. and Kogelknabner, I. (2008) Grazing effects on soil chemical and  physical 
properties in a semiarid steppe of Inner Mongolia (P.R. China). Geoderma 143, 63–72.

Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F. and Six, J. (2007) Soil carbon saturation: concept, 
evidence and evaluation. Biogeochemistry 86, 19–31.

Swift, R. (2001) Sequestration of carbon by soil. Soil Science 166, 858–871.
Thiele-Bruhn, S., Bloem, J., De Vries, F.T., Kalbitz, K. and Wagg, C. (2012) Linking soil biodiversity and 

agricultural soil management. Current Opinion in Environmental Sustainability 4, 523–528.
Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R. and Polasky, S. (2002) Agricultural sustainability and 

intensive production practices. Nature 418, 671–677.
Tonitto, C., David, M. and Drinkwater, L. (2006) Replacing bare fallows with cover crops in fertilizer-intensive 

cropping systems: a meta-analysis of crop yield and N dynamics. Agriculture, Ecosystems and Envir-
onment 112, 58–72.

Urbanek, E., Smucker, A.J.M. and Horn, R. (2011) Total and fresh organic carbon distribution in aggregate 
size classes and single aggregate regions using natural 13C/12C tracer. Geoderma 164, 164–171.

Victoria, R., Noellemeyer, E., Banwart, S., Black, E., Ingram, J., Joosten, P. and Milne, E. (2012) On the 
benefits of soil carbon. In: UNEP Yearbook 2012. UNEP, Nairobi, pp. 19–32.

Wardle, D.A., Bardgett, R.D., Klironomos, J.N., Setälä, H., van der Putten, W.H. and Wall, D.H. (2004) 
 Ecological linkages between aboveground and belowground biota. Science 304, 1629–1633.

Whitbread, A.M., Blair, G.J. and Lefroy, R.D.B. (2000) Managing legume leys, residues and fertilisers to 
enhance the sustainability of wheat cropping systems in Australia: 1. The effects on wheat yields and 
nutrient balances. Soil and Tillage Research 54, 63–75.

Zach, A., Tiessen, H. and Noellemeyer, E. (2006) Carbon turnover and Carbon-13 natural abundance under 
land use change in semiarid savanna soils of La Pampa, Argentina. Soil Science Society of America 
Journal 70, 1541–1546.

Zhang, C., Xu, J., Liu, X., Dong, F., Kong, Z., Sheng, Y. and Zheng, Y. (2010) Impact of imazethapyr on the 
microbial community structure in agricultural soils. Chemosphere 81, 800–806.

Zhu, B., Yi, L., Guo, L., Chen, G., Hu, Y., Tang, H., Xiao, C., Xiao, X., Yang, G., Acharya, S.N. and Zeng, Z. 
(2012) Performance of two winter cover crops and their impacts on soil properties and two subsequent 
rice crops in Dongting Lake Plain, Hunan, China. Soil and Tillage Research 124, 95–101.

Zink, A., Fleige, H. and Horn, R. (2011) Verification of harmful subsoil compaction in loess soils. Soil and 
Tillage Research 114, 127–134.

Zobeck, T.M., Popham, T.W., Skidmore, E.L., Lamb, J.A., Merrill, S.D., Lindstrom, M.J., Mokma, D.L. and 
Yoder, R.E. (2003) Aggregate-mean diameter and wind-erodible soil predictions using dry aggregate- 
size distributions. Soil Science Society of America Journal 67, 425–436.

Zotarelli, L., Alves, B., Urquiaga, S., Torres, E., Dos Santos, H., Paustian, K., Boddey, R. and Six, J. (2005) 
Impact of tillage and crop rotation on aggregate-associated carbon in two Oxisols. Soil Science Society 
of America Journal 69, 482–491.



© CAB International 2015. Soil Carbon: Science, Management and Policy for 
Multiple Benefits (eds S.A. Banwart, E. Noellemeyer and E. Milne) 277

Abstract
Agriculture provides food, fibre and energy, which have been the foundation for the development of 
all societies. Soil carbon plays an important role in providing essential ecosystem services. Historic-
ally, these have been viewed in terms of plant nutrient availability only, with agricultural management 
being driven to obtain maximum benefits of this soil function. However, recently, agricultural systems 
have been envisioned to provide a more complete set of ecosystem services, in a win–win situation, in 
addition to the products normally associated with agriculture. The expansion and growth of agricul-
tural production in Brazil and Argentina brought about a significant loss of soil carbon stocks, and 
consequently the associated ecosystem services, such as flooding and erosion control, water filtration 
and storage. There are several examples of soil carbon management for multiple benefits in Brazil and 
Argentina, with new soil management techniques attempting to reverse this trend by increasing soil 
carbon (C) stocks. One example is zero tillage, which has the advantage of reducing CO2 emissions 
from the soil and thus preserving or augmenting C stocks. Crop rotations that include cover crops have 
been shown to sequester significant amounts of C, both in Brazilian subtropical regions as well as in 
the Argentinean Pampas. Associated benefits of zero tillage and cover crop rotations include flood and 
erosion control and improved water filtration and storage. Another positive example is the adoption of 
no-burning harvest in the vast sugarcane area in Brazil, which also contributes to reduced CO2 emis-
sions, leaving crop residues on the soil surface and thus helping the conservation of essential plant 
nutrients and improving water storage.
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Introduction

The concept of ecosystem services has been 
cited as a major issue, and it has been possible 
to quantify services related to air quality, 
hydrological cycles, watershed protection 
and biodiversity, among others. New evalu-
ation techniques, as well as the adoption of 

models that allow us to extrapolate those 
services on spatial and temporal scales, are 
the fundamentals for accounting the exter-
nalities associated with ecosystems. Once 
one ecosystem is replaced by another, the 
disservices can also be quantified in eco-
nomical terms and according to their 
market price; this could make an important 
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contribution towards the conservation and 
protection of ecosystems. Of the many ser-
vices provided by ecosystems, soil carbon 
sequestration and biomass carbon potential 
are examples of ones that have been more 
ambitious to date, as carbon markets have 
been already been established.

Among the properties that most influ-
ence soil quality is the carbon content, 
which is affected strongly by agricultural 
management. Hence, appropriate soil man-
agement and the induced changes in soil 
carbon stocks are critical aspects when an 
agricultural productive scenario is con-
sidered. It is well recognized that under ap-
propriate production scenarios, agriculture 
could impact much less in neighbouring 
ecosystems, and the possible disservices 
caused by its externalities could be minim-
ized. Recently, agricultural systems have 
been envisioned as providing similar ser-
vices as ecosystems in addition to the prod-
ucts normally associated with agriculture, 
which results in a win–win situation.

The challenge of modern agriculture is 
that it should provide goods as well as eco-
system services such as climate regulation, 
hydrological services, greenhouse gas (GHG) 
mitigation and the improvement of bio-
diversity (GBEP, 2011). As many authors 
have indicated, all these aspects are directly 
related to soil organic carbon (SOC). Here, 
we present some results pointing to the 
benefits of maintaining or building up soil 
carbon levels in Latin America.

Burned Versus Green  
Harvested Sugarcane

Brazil is the main sugarcane producer 
in the world; with nearly twice the har-
vested area and almost 2.5 times more 
production than India, which ranks se-
cond (FAOSTAT, 2012). In 2010, the sug-
arcane harvested area in Brazil was more 
than 8 million hectares (Mha) and produc-
tion close to 625 million tonnes (Mt), an 
increase of 3.4% compared with the pre-
vious year. Around 54% of sugarcane pro-
duced in Brazil is for ethanol production, 

generating approximately 27,670 million 
litres (Ml) (CONAB, 2011).

Residue deposition in no-burning har-
vest areas is equivalent to 15% of the dry 
matter productivity of sugarcane, with a 
mean value of 13.9 Mg of dry matter ha–1 
year–1 (Campos, 2003). No-burning harvest 
systems have several benefits: for instance, 
higher crop longevity and lower costs for re-
newing areas; recycling and gradual release 
of nutrients by straw decomposition; de-
crease in gas emissions; and less nutrient 
losses (Canellas et al., 2003). There is also 
improvement of physical soil conditions, 
such as moisture retention, which is espe-
cially important during drought periods 
(Resende et al., 2006), increase in soil aggre-
gate stability (Szakács, 2007; de Luca et al., 
2008) and improvement in soil structure, 
mainly in sandy soils with an original low 
level of soil carbon (C) (de Luca et al., 2008).

Higher organic matter levels in soils 
improve chemical and physical soil proper-
ties, as discussed above, and also contribute 
to the mitigation of global warming by in-
creasing soil C stocks. Sugarcane crops 
without burning accumulate more organic C 
in the soil than those harvested with fire 
(20% more C in 0–5 cm and 15% more in 
0–10 cm soil depth). The main difference in 
organic carbon levels between the two sys-
tems occurs in the 0–2 μm fraction, where 
there is 35% more C under no-burning man-
agement (Razafimbelo et al., 2006), indicat-
ing the stabilization of the accumulated C. 
This was also shown by higher humification 
indexes of soil organic matter (SOM) (Panos-
so et al., 2011) in no-burn sugarcane. SOM 
under this management has up to four times 
more C of aromatic compounds and less C 
of carboxylic groups (Canellas et al., 2003). 
However, the effect of the harvest manage-
ment system on the quality of soil C seems 
to occur slowly. The results reported by 
Canellas et al. (2003) occurred 55 years after 
the adoption of green harvest, while Czycza 
(2009), considering a period of 12 years 
without burning, did not observe differences 
in carboxylic and phenolic group concen-
trations of humic acids due to sugarcane 
harvest management. Czycza (2009) also 
compared 12- and 19-year-old areas and 
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verified higher aromatic group concentra-
tion of humic acids in the superficial layer 
(0–10 cm depth) of older areas, while in the 
subsuperficial layer (10–20 cm depth), there 
was no difference due to time of system 
adoption.

About 50% of total sugarcane in Brazil 
(approximately 4 Mha) is still burnt prior 
to harvest (Canasat, 2011). Once those 
areas are converted from burning to mech-
anized harvest, a huge amount of crop resi-
due is left on the soil surface, in some 
places close to 15 t ha–1, which is equiva-
lent to 6 t of C. Several studies have been 
conducted on sugarcane areas converted 
from burned to green harvest and have 
shown an important enhancement of soil 
carbon stocks due to this conversion (Cerri 
et al., 2011). The increases in soil carbon 
stocks reported in these field studies, at 
least in the first years of green harvest adop-
tion, would be enough to compensate for 
all emissions associated with other agri-
cultural practices. Recent estimations of 
the amount of GHGs emitted to the atmos-
phere associated with all sources in the 
agricultural management of sugarcane 
fields in southern Brazil mention about 3 t 
CO2 equivalents ha–1 year–1 (De Figueiredo 
and La Scala, 2011). A soil carbon accumu-
lation rate of 1 t ha–1 year–1, which has been 
observed in many field studies (Cerri et al., 
2011; La Scala et  al., 2012), would be 
enough to compensate for the emissions 
associated with crop production, and the 
ethanol derived from this agricultural man-
agement would have close to a ‘zero emis-
sion’ footprint.

Renovation operations with intensive 
soil tillage promote mineralization of SOM 
(Silva-Olaya et al., 2013) and attenuate dif-
ferences between burning and no-burning 
harvest systems (Resende et al., 2006). To 
understand better the carbon balance and 
the system potential to increase C stocks in 
no-burning sugarcane areas, it is important 
to take into account the tillage system dur-
ing the renovation period (De Figueiredo 
and La Scala, 2011). La Scala et al. (2006) 
evaluated the effects of conventional till-
age (mouldboard ploughing followed by 
two passes of offset disk harrows), reduced 

tillage (chisel ploughing) and no-till on 
CO2 emissions from sugarcane soils. The 
CO2 emissions during 1 month after soil 
tillage were increased by 160%, and by 
71% when soils were prepared with con-
ventional and reduced tillage as compared 
to no-till, respectively. The results suggest 
that in a 1-month period after tillage, 30% 
of soil carbon input in sugarcane crop res-
idues could be lost after ploughing tropical 
soils, when compared to the no-till plot 
emissions.

The same set of studies has also 
pointed to another important aspect: once 
the sugarcane fields are reformed and till-
age is applied, a large amount of CO2 is 
emitted from soil, and soil carbon stocks 
are depleted dramatically (Cerri et  al., 
2011). Hence, the adoption of green har-
vest in sugarcane fields, with the input of 
large amounts of residues on soil surface 
should, desirably, be combined with a re-
duced or even no-till practice. This would 
be an ideal production scenario, a win–
win situation where less fossil fuel and 
synthetic fertilizer use would result in 
higher soil carbon stocks.

In addition to reducing the depend-
ence on fossil fuels, another objective of 
ethanol use is to mitigate GHG emissions 
(Cerri et al., 2007; Goldemberg et al., 2008). 
Brazilian sugarcane ethanol presents a 
mean decrease of 85% in GHG emissions 
compared to fossil fuels, while American 
maize ethanol presents a reduction of only 
25% (Börjesson, 2009). Galdos et al. (2010) 
presented data for Brazilian ethanol pro-
duction showing that most ethanol GHG 
emissions occurred in the field during sug-
arcane production. De Figueiredo et  al. 
(2010) quantified the carbon footprint of 
sugar production in two Brazilian mills and 
observed that 241 kg of CO2 equivalent 
were emitted to produce 1 t of sugar, 44% 
of this from burning, 20% due to mineral 
fertilizer use and about 18% derived from 
fossil fuel combustion, confirming the in-
formation reported by Galdos et al. (2010). 
Brazilian ethanol has another advantage: 
a lower production cost per litre in relation 
to fossil fuel extraction and refinement (Luo 
et al., 2009).
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Soil Organic Carbon Stocks in 
 Conventional Versus No-tillage 

Systems in Latin America  
(Brazil and Argentina)

No-tillage (NT) is presumed to be the oldest 
soil management system in agriculture and, 
in some parts of the tropics, NT is still prac-
tised in slash-and-burn agriculture where, 
after forest clearing by controlled burning, 
seeds are placed directly into the soil without 
any tillage operation. As mankind developed 
more systematic agricultural systems, culti-
vation of the soil became an accepted prac-
tice as a means of preparing a more suitable 
seedbed and environment for plant growth. 
Indeed, tillage as symbolized by the mould-
board plough became almost synonymous 
with agriculture (Dick and Durkalski, 1997). 
No-tillage can be defined as a crop produc-
tion system where soil is left continuously 
undisturbed, except in a narrow strip where 
seed and fertilizer are placed.

Conversion of native vegetation to cul-
tivated cropland under a conventional till-
age (CT) system has resulted in a significant 
decline in SOM content (Paustian et  al., 
2000; Lal, 2002; Zach et al., 2006). Farming 
methods that use mechanical tillage, such 
as the mouldboard plough for seedbed prep-
aration or disking for weed control, can 
promote soil C loss by several mechanisms: 
(i) they disrupt soil aggregates that protect 
SOM from decomposition (Six et al., 2002; 
Soares et al., 2005); (ii) they stimulate short-
term microbial activity through enhanced 
aeration, resulting in increased levels of 
CO2 and other gases released to the atmos-
phere (Bayer et  al., 2000a,b; Kladivko, 
2001); and (iii) they mix fresh residues into 
the soil where conditions for decompos-
ition are often more favourable than on the 
surface (Plataforma Plantio Direto, 2009). 
Furthermore, tillage can leave soils more 
prone to erosion, resulting in further loss of 
soil C (Bertol et al., 2005; Lal, 2006).

However, no-tillage farming, due to less 
soil disturbance, often results in significant 
accumulation of SOC (Bayer et  al., 2000b; 
Sá et al., 2001; Schuman et al., 2002) and in 
consequent reductions of GHG emissions to 

the atmosphere, especially CO2 (Lal, 1998; 
Paustian et al., 2000), compared to CT. There 
is considerable evidence that the main effect 
on SOC is in the topsoil layers (Six et  al., 
2002; Abril et al., 2005; Noellemeyer et al., 
2008), but significant increments in SOC 
have also been reported for layers below 
30 cm in depth in NT soils with high-input 
cropping systems (Sisti et al., 2004; Dieckow 
et al., 2005a,b).

Worldwide, approximately 63 Mha are 
currently being managed under NT farming, 
with the USA having the largest area (Lal, 
2006), followed by Brazil and Argentina. In 
Brazil, NT farming began in the southern 
states in the 1970s as an alternative to the 
misuse of land that was leading to unaccept-
able levels of soil losses by water erosion 
(Denardin and Kochhann, 1993). Similarly, 
in Argentina, NT began to be used in the 
central rolling Pampas, where water erosion 
also had become a major problem when 
soybean–wheat double cropping was intro-
duced (Alvarez and Steinbach, 2009), and 
NT was shown to reduce runoff velocity 
and sediment load effectively (Castigilioni 
et al., 2006). The underlying land manage-
ment principles that led to the development 
of NT systems were prevention of surface 
sealing, caused by rainfall impact on the 
soil surface, achievement and maintenance 
of an open soil structure and reduction of 
the volume and velocity of surface runoff. 
Consequently, NT was based on two essen-
tial farm practices: (i) not tilling and 
(ii) keeping soil covered all the time. This 
alternative strategy expanded quickly and 
the cropped area under NT has since then 
increased exponentially.

In the early 1990s, the NT area in Brazil 
was about 1 Mha, increased ten times by 
1997, and currently is approximately 24 Mha. 
This expansion includes the conversion 
from CT in the southern region (72%) and 
expansion of the agricultural frontier, clear-
ing the natural savannah in the central- 
western area (28%). Recently, due to the 
high profits, ranchers in the Amazon region 
are converting old pastures to soybean/millet 
under NT.

Changes in soil C stocks under NT have 
been estimated in earlier studies for temperate 
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and tropical regions. Reicosky et al. (1995) 
reviewed various publications and found 
that organic matter increased under conser-
vation management systems, with rates ran-
ging from 0 to 1.15 t C ha–1 year–1, with the 
highest accumulation rates generally occur-
ring in temperate conditions. In the tropics, 
specifically in Brazil, the rate of C accumu-
lation has been estimated in the two main 
regions under NT systems (the south and 
central-western regions). In the southern re-
gion, Sá (2001) and Sá et  al. (2001) esti-
mated sequestration rates of 0.8 t C ha–1 year–1 
in the 0–20 cm layer and 1.0 t C ha–1 year–1 
at 0–40 cm soil depth after 22 years under 
NT compared to the same period under CT. 
The authors mentioned that the accumu-
lated C was generally greater in the coarse 
fraction (>20 μm), indicating that most of 
this additional C was relatively labile.

Bayer et al. (2000a,b) found a C accu-
mulation rate of 1.6 t ha–1 year–1 for a 9-year 
NT system compared with 0.10 t ha–1 year–1 
for the CT system in the first 30 cm layer of 
an Acrisol in the southern part of Brazil. 
Corazza et al. (1999) reported an additional 
accumulation of approximately 0.75 t C ha–1 
year–1 in the 0–40 cm soil layer due to NT in 
the savannah region located in the centre- 
west. Estimates by Amado et  al. (1998, 
1999) indicated an accumulation rate of 
2.2 t ha–1 year–1 of soil organic C in the first 
10 cm layer. Other studies considering the 
NT system carried out in the centre-west re-
gion of Brazil (Lima et al., 1994; Castro Fil-
ho et al., 1998; Riezebos and Loerts, 1998; 
Vasconcellos et al., 1998; Peixoto et al., 1999; 
Spagnollo et al., 1999; Resck et al., 2000) re-
ported soil C sequestration rates due to NT 
varying from 0 up to 1.2 t C ha–1 year–1 for 
the 0–10 cm layer. Bernoux et al. (2006) re-
ported that most studies of Brazilian soils 
gave annual rates of carbon storage in the 
top 40 cm of the soil varying from 0.4 
to  1.7 t C ha–1, with the highest rates in 
the  Cerrado region. However, the authors 
stressed that caution must be taken when 
analysing NT systems in terms of carbon se-
questration. Comparisons should include 
changes in trace gas fluxes and should not 
be limited to a consideration of carbon stor-
age in the soil alone if the full implications 

of global warming are to be assessed. The 
adoption of NT management in subtropical 
Brazilian soils has led to SOC accumulation 
rates of 0.19–0.81 Mg ha–1 year–1 in the 
0–20 cm layer (Bayer et  al., 2006), due to 
the less oxidative environment and the 
physical protection mechanism imparted 
by the stable aggregates in NT soils (Eiza 
et al., 2005).

The Importance of Cover Crops  
for Sustainable Carbon Management 

in Tropical and Subtropical 
 Agroecosystems

Soils in tropical and subtropical environ-
ments are often exposed to strong rain and 
long-term drought events during the year. 
Hence, either in sugarcane or annual crops, 
any management that leaves more crop res-
idues covering the soil surface is beneficial 
for soil protection and C sequestration.

The importance of residue cover to 
avoid soil erosion or food web respiration, 
and for maintaining SOM matter in annual 
crops through grass–legume rotations has 
been discussed by many authors (Lal et al., 
1998; Magdoff and Weil, 2004). In southern 
Brazil, many experiments showed SOC ac-
cumulation due to the conversion of sys-
tems based on intensive tillage to NT with 
crop rotation, with topsoil SOC gains of up 
to 91% (Zanatta et al., 2007).

Dieckow et al. (2005a,b) evaluated soil 
organic C and N losses during a period of 
conventional cultivation (1969–1983) that 
followed native grassland and the potential 
of four long-term (17 years) no-till cereal- 
and legume-based cropping systems with 
different N fertilization levels to increase 
the C and N stocks of a southern Brazilian 
Acrisol. The C content in the 0–17.5 cm soil 
layer decreased by 22% (8.6 Mg C ha–1) and 
N decreased by 14% (0.44 Mg N ha–1) dur-
ing the period of conventional cultivation. 
Legume-based cropping systems increased 
C and N stocks due to the higher residue in-
put. Although the major soil management 
effects were found in the 0–100 cm layer, 
up to 24% of the overall C losses and 63% 
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of the gains of the whole 0–17.5 cm soil pro-
file occurred below the 17.5 cm depth, rein-
forcing the importance of subsoil as a C 
source or sink. The average C sequestration 
rate of legume-based cropping systems 
(with N) were 0.83 Mg C ha–1 year–1 in the top 
0–17.5 cm layer and 1.42 Mg C ha–1 year–1 in 
the profile, indicating the remarkable poten-
tial of legume cover crops and N fertiliza-
tion under no-tillage to improve soil carbon 
stocks and thus soil and environmental 
quality in humid subtropical regions.

The adoption of NT and soil cover also 
brings about favourable soil physical condi-
tions that improve water infiltration and 
storage (Fernández et al., 2008) and prevent 
water and wind erosion (Hevia et al., 2007), 
which is very important in semi-arid re-
gions. For temperate environments in east-
ern Argentina, NT combined with pasture 
rotations was shown to be a sustainable 
agricultural practice that combined high 
yields with carbon storage in soils (Studdert 
et al., 1997; Studdert and Echeverría, 2000). 
Similar results were also obtained in Uru-
guay when NT was incorporated into crop–
pasture rotations (Garciaprechac, 2004). 
Other benefits of NT include higher bio-
logical activity of the soil ecosystem (Quiro-
ga et  al., 2009; Fernández et  al., 2010a), 
which also promotes the diversity of soil 
organisms, as confirmed by studies on Chil-
ean and Argentinean NT soils (Abril et al., 
1995; Borie et  al., 2006). Crops cultivated 
under NT are usually more efficient in water 
use and produce higher yields (Noellemeyer 
et al., 2013). All of the mentioned benefits 
were enhanced, without negative impacts on 

crop yields, when cover crops were used to 
improve soil cover and residue biomass 
 input to the soil (Fernández et  al., 2010b; 
Mohammadi, 2010; dos Santos et al., 2011; 
Restovich et  al., 2012). Cover crops or 
double cropping can also help to retain 
more water in the soils of a region compared 
to single crops under conventional tillage 
(Nosetto et  al., 2012), by reducing losses 
through deep drainage and surface runoff. 
Cover crops and NT technology has been 
widely adopted both in Brazil and Argen-
tina, and is also applied in important areas 
of Chile, Paraguay, Bolivia and Uruguay, 
 resulting in manifold benefits. Generally, 
crop yields are higher under NT, resulting 
in improved provision of goods, but also 
many ecosystem services such as water fil-
tration and storage, erosion prevention, soil 
formation and biodiversity conservation are 
enhanced.

In conclusion, crop residue manage-
ment is a key point of NT systems, and 
 includes selecting crops that produce suffi-
cient quantities of residues (e.g. maize, sor-
ghum, etc.) and the introduction of cover 
crops in rotation schemes that provide an 
effective ground cover. Rather than turning 
under plant materials or crop residues fol-
lowing harvest, the residues are left on the 
soil surface to protect the soil against the 
erosive forces of rainfall and wind. Crop 
residue management is also a key point for 
enhancing SOC under energy crops such as 
sugarcane. Here, there is room to improve 
management simply by changing the tillage 
system during the reform of the sugarcane 
fields.
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Abstract
Implementing land-use practices that maximize the soil carbon (C) stocks can simultaneously lead to 
additional economic and social benefits while maintaining or enhancing the ecological support func-
tions of the land resources. This enhances the ability to meet our near-term needs while ensuring the 
ability of future generations to meet theirs. Within North America, numerous opportunities exist to 
increase soil fertility, enhance soil water balance, increase production efficiency and reduce reliance 
on external inputs, which will enhance the resilience of production and yields in the face of climate 
variability. Practices that build resilience in the face of current climate variability are also expected to 
ameliorate some of the effects of the forecast increase in future extreme events; thus, building C stocks 
can foster adaptation to a changing climate. This chapter reviews North American agricultural and 
grazing land management practices that can sequester C in soils, their potential to mitigation green-
house gas emissions and the additional benefits that arise from these practices.
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Introduction

The main processes governing the carbon 
(C) balance of agricultural and grazing 
lands are the same as for other ecosystems: 
the photosynthetic uptake and assimilation 
of CO2 into organic compounds and the re-
lease of gaseous carbon through respiration 
(primarily CO2 but also CH4) and fire. In 
agricultural lands, carbon assimilation is 
directed towards the production of food, 
fibre and forage by manipulating species 
composition and growing conditions (soil 
fertility, irrigation, etc.). Biomass in agri-
cultural and grassland systems (being pre-
dominantly herbaceous, i.e. non-woody), is 

a small, transient carbon pool (compared to 
forests) and hence soils constitute the dom-
inant carbon stock. Cropland systems can be 
among the most productive ecosystems, but 
in some cases restricted growing season 
length, fallow periods and grazing-induced 
shifts in species composition or production 
can reduce carbon uptake relative to that in 
other ecosystems. These factors, along with 
tillage-induced soil disturbances and the re-
moval of plant carbon through harvest, have 
depleted soil carbon stocks by 20–40% or 
more in relation to pre-cultivated conditions 
(Davidson and Ackerman, 1993; Houghton 
and Goodale, 2004). Soil organic carbon (SOC) 
stocks in grazing lands in North America 
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have been depleted to a lesser degree than 
in croplands (Ogle et al., 2004), and in 
some regions biomass has increased due to 
the suppression of disturbance and subse-
quent woody encroachment. Woody en-
croachment is potentially a significant sink 
for atmospheric CO2, but the magnitude of the 
sink is not well quantified (Houghton et al., 
1999; Pacala et al., 2001). Disturbance- 
induced increases in decomposition rates 
of aboveground litter and harvest  removal 
of some (30–50% of forage in grazing sys-
tems, 40–50% in grain crops) or  almost 
all (e.g. maize for silage) of the aboveground 
biomass have altered carbon cycling 
drastically within agricultural lands, and 
thus the sources and sinks of CO2 to the 
atmosphere.

Much of the carbon lost from agricul-
tural soil and biomass pools can be recovered 
with changes in management practices that 
increase carbon inputs, stabilize carbon 
within the system or reduce carbon losses, 
while still maintaining outputs of food, 
fibre and forage (Eagle and Olander, 2012). 
Increased production, increased residue C 
inputs to the soil and increased organic 
matter additions have reversed historic soil 
C losses in long-term experimental plots 
(e.g. Buyanovsky and Wagner, 1998). How-
ever, the management practices that pro-
mote soil carbon sequestration would need 
to be maintained over time to avoid subse-
quent losses of sequestered carbon. Across 
Canada and the USA, mineral soils have 
been sequestering 2.5 and 17.0 ± 0.45 mil-
lion t of carbon (Mt C) per year (Smith et al., 
1997, 2001; Ogle et al., 2003), respectively, 
largely through increased production and 
improved management practices on annual 
cropland. Conversion of agricultural land to 
grassland, like under the Conservation Re-
serve Program in the USA (7.6–11.5 Mt C 
year–1 on 12.5 million ha (Mha) of land), 
and afforestation have also sequestered car-
bon in agricultural and grazing lands (Follett 
et al., 2001).

Increasing carbon stocks is accompan-
ied by increased soil fertility, enhanced 
soil water balance, increased production 
efficiency and reduced reliance on external 
inputs. These factors tend to enhance the 

resilience of production and yields in the 
face of climate variability (Post et al., 
2012). Practices that build resilience to 
current climate variability are also ex-
pected to ameliorate some of the effects of 
the forecasted increase in future extreme 
weather events (Easterling et al., 2007; 
Goklany, 2007), thus enhancing carbon 
stocks and the rehabilitation of degraded 
lands. In addition, the implementation of 
sustainable land management practices 
can foster adaptation to a changing climate 
(Lal, 2009).

This chapter documents agronomic 
practices in North America capable of enhan-
cing production, yield and income, reducing 
greenhouse gas emissions and mitigating 
greenhouse gas emissions from other sec-
tors, and enhancing resilience in the face of 
inter-annual climate variability, and thus re-
silience to climate change (Table 24.1). It is 
possible to advance agricultural develop-
ment agendas by focusing on a single aspect 
of agriculture (e.g. yield). However, expand-
ing the role of land management for green-
house gas mitigation presents us with an 
opportunity to increase investments in land 
management practices that will rebuild re-
silience – increasing current yields while 
enhancing the ability to meet future needs.

Positive Exemplars: Soil Carbon 
Storage in North America

Conservation tillage and no-tillage

Tillage has been used ubiquitously in agri-
culture to prepare the seedbed, to incorpor-
ate fertilizer, manure and residues into the 
soil, to relieve compaction and to control 
weeds (Phillips et al., 1980; Leij et al., 
2002). However, tilling the soil is disruptive 
and can promote soil erosion, high rates of 
soil moisture loss, degradation of soil struc-
ture and depletion of soil nutrients and C 
stocks. Following long-term tillage, soil C 
stocks can be reduced by as much as 20–50% 
(Haas et al., 1957; Davidson and Ackerman, 
1993; Murty et al., 2002; Ogle et al., 2003). 
Conservation tillage reduces the negative 
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Table 24.1. Assessment of socio-economic and environmental benefits, greenhouse gas mitigation and adaptation to climate change for different cropping and 
grazing management systems. Conventional and degrading land management practices are indicated in grey.

Activity Practice
Yield/
productivity Socio-economic benefits Environmental impacts

Greenhouse 
gas mitigation

Adaptation to climate 
change

Tillage Conventional tillage Variable Weed control; reduces 
compaction

– Reduced weed pressure

Conservation tillage Variable Reduced machinery, energy, labour 
requirements

Soil fertility; increased 
ground cover; reduced 
erosion; +H2O balance

+ Drought resilience; 
dependable soil fertility; 
reduced external inputs

No-tillage

Cropping 
system

Continuous cropping + Food security Increased disease 
susceptibility

–

Cover crops/green 
manuring/catch 
crops

+ Food security; forage crop; 
increased land-use efficiency; 
higher returns; low-tech, low-cost 
nitrogen inputs, reduced mineral 
nitrogen requirement; weed 
control

Nitrogen fixation; increased 
soil fertility; reduced 
erosion; reduced crop 
disease incidence; 
enhanced H2O balance; 
pest/disease control

+ Drought resilience; more 
dependable soil fertility

Frequent fallow – Enhanced reliability of soil  
moisture

Increased erosion; 
decreased H2O efficiency

– Some drought resilience

Reduced bare fallow 
frequency

+ Food security; crop diversification Soil fertility; reduced 
erosion; enhanced H2O 
use efficiency

+ Enhanced income, 
product diversification

Mulching/residue 
management

Food security; low-tech, low-cost 
soil enhancement; enhanced net 
income

Drought resilience

Fertilizer/soil 
amendment

Conventional 
fertilizers

+ Food security; enhances fertility of 
poor land/soils

Nitrogen leaching, runoff; 
energy use

–

Efficient fertilizer use + Food security; reduced fertilizer 
expenses

Reduced nitrogen runoff + Dependable fertility; 
reduced dependence 
on external inputs; 
drought resilience
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impacts of tillage, preserves soil resources 
and can lead to the accrual of much of the 
soil carbon lost during tillage (Lal, 1997; 
Paul et al., 1997; Paustian et al., 1997) and 
to net reduction in greenhouse gas emis-
sions (e.g. Dendooven et al., 2012). A 
change from conventional tillage to no-till 
can sequester carbon, although results vary 
as a function of soil type, climate and land-
use history (West and Post, 2002). The accu-
mulation of SOC will continue (provided 
the soil is not tilled), and SOC levels can be 
expected to peak after 5–10 years, with SOC 
reaching a new equilibrium in 15–20 years. 
Conservation tillage is one of the largest po-
tential sources of greenhouse gas mitigation 
within the agricultural sector (Smith et al., 
2008) and, coupled with associated de-
clines in fuel use, could make an immedi-
ate, substantial contribution to offsetting 
and reducing greenhouse gas emissions 
(Caldeira et al., 2004; CAST, 2004).

No-tillage and minimum-tillage sys-
tems provide opportunities for increasing 
soil water by trapping snow and reducing 
evaporative losses during the early part of 
the growing season; crop yields are signifi-
cantly higher for field peas, flax and spring 
wheat (in stubble) in conservation tillage 
systems (most likely due to increased soil 
water) (Lafond et al., 1992). Based on these 
results and previous studies (e.g. Gupta and 
Larson, 1979), conservation tillage could in-
crease soil water to the point where fallow 
cropping could be eliminated without in-
creasing production (Lafond et al., 1992). 
Tillage experiments in several semi-arid re-
gions demonstrate consistently higher soil 
water contents under no-tillage (Scopel et al., 
2005; De Vita et al., 2007) and increased 
rain-use efficiency (Kronen, 1994; Rock-
ström et al., 2009).

No-tillage management increases resi-
due cover and decreases evaporative losses 
from the soil profile, thus enhancing mois-
ture availability and reducing water stress 
for plant production (Holland, 2004). Till-
age management can also reduce energy use 
associated with irrigation. However, the 
adoption of no-till can increase emissions 
of N

2O, particularly in the short term (Six 
et al., 2004). Reducing tillage intensity has 

been found to minimize CO2 losses from de-
composition in drained histosols due to less 
aeration and drier conditions at the soil sur-
face in the absence of intensive tillage 
(i.e. switch ploughing).

Conservation tillage systems were ori-
ginally developed to address problems of 
water quality, soil erosion and agricultural 
sustainability (Woodfine, 2009). Conserva-
tion tillage reduces evaporation from the 
surface, increases infiltration and shades the 
soil, decreasing soil temperature – all of 
which alter the water balance. In semi-arid 
environments, no-tillage can lead to en-
hanced water balance, enabling increased 
cropping intensity and greater return per 
unit land area (Peterson and Westfall, 2004). 
The impacts of no-tillage on yields tend to be 
greatest for the driest sites (Cantero-Martinez 
et al., 2007). By making more efficient use of 
existing precipitation, conservation tillage 
builds carbon stocks, pays dividends in 
terms of increased yields and ensures 
greater yields during dry years by conserv-
ing soil moisture (Wang et al., 2006).

Cover crops, green manuring,  
catch crops

Cover cropping, green manuring and catch 
crops (crops that are not planted for harvest 
but to take up and retain nitrogen) all in-
crease carbon inputs to the soil by extend-
ing the time over which plants are fixing 
atmospheric CO2. Green manures and catch 
crops have the benefit that they enhance 
system nitrogen balance, which further in-
creases productivity. Growing cover crops 
enhances soil protection and groundwater 
quality, controls pests and increases C 
stocks by enhancing carbon inputs when 
the ground would otherwise lay fallow 
(Bowman et al., 1999; Govaerts et al., 2009). 
Using green manures can simultaneously 
build soil C and nitrogen stocks (Vanden-
Bygaart et al., 2003), enhancing soil fertility 
and sequestering carbon in the soil, but 
likely increasing N2O emissions. Use of 
catch crops also tends to sequester carbon 
in the soil (Friebauer et al., 2004; Christensen 
et al., 2009).
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Enhancing inputs of nitrogen and nitro-
gen retention and minimizing soil erosion are 
keys to maximizing production and ensur-
ing long-term sustainability of agricultural 
systems (Greenland, 1975). Use of nitrogen- 
fixing crops – green manures:  nitrogen-fixing 
plants that are not harvested – and non-crop 
nitrogen fixers is an important component 
of soil fertility. Sowing non-leguminous 
cover crops between harvested crops can 
enhance nitrogen inputs through fixation 
and plough-under, while having a minimal 
impact on crop growing season length 
( Fageria, 2007). By enhancing soil fertility 
and nitrogen supply to crops, green manur-
ing can have immediate impacts on the 
growth of subsequent crops. Similarly, catch 
crops sown following a crop take up re-
sidual nutrients in the soil; subsequently 
ploughing those catch crops into the soil be-
fore the next crop increases the availability 
of nutrients to subsequent crops (Hansen 
et  al., 2007). Cover cropping can employ 
 nitrogen-fixing crops to bolster soil fertility, 
but cover cropping with non-leguminous 
crops also provides surface cover that min-
imizes soil erosion between crop growing 
seasons.

Reduced bare fallow frequency

Reduced carbon inputs associated with more 
frequent bare summer fallow in semi-arid re-
gions reduces the level of soil organic matter 
in dryland agricultural systems (Rasmussen 
et al., 1998). Bare fallows are increasingly 
recognized in most agroecosystems as gener-
ally not beneficial, and indeed may be harm-
ful. Reducing the frequency of bare fallow 
leads to carbon sequestration by increasing 
the time over which carbon is taken up by 
plants in input to the soil (VandenBygaart et al., 
2003). In semi-arid regions, alternate- year fal-
low is used to collect soil moisture; conser-
vation tillage is often required to  enable the 
reduction of fallow frequency (Peterson 
et  al., 1996). Conservation tillage coupled 
with reduced fallow frequencies have been 
used successfully in a variety of semi-arid 
environments to sequester carbon in soils 
(Peterson et al., 1996; VandenBygaart et al., 

2003; Erenstein and Laxmi, 2008; Govaerts 
et al., 2009). If production and carbon inputs 
decrease with decreasing fallow frequency, 
soil carbon stocks can decrease (Olsson and 
Ardo, 2002).

Bare fallows can be beneficial for crops 
growing in certain dryland situations, 
where a period of bare fallow can increase 
soil moisture storage, subsequently increas-
ing crop yields, enabling a wider variety of 
crops, and reducing inter-annual yield vari-
ability. However, bare fallow periods re-
duce the period over which crops can be 
grown; gross income is also reduced. New 
tillage, crop rotation, fertilization and resi-
due management practices can be inte-
grated to conserve and use precipitation effi-
ciently, broadening the portion of semi-arid 
areas acceptable for a given crop. Reducing 
bare fallow can result in substantial in-
creases in income and food security in 
semi-arid ecosystems (Peterson and West-
fall, 2004). Because bare ground is directly 
exposed to intense heat, wind and rainfall, 
erosion is greater for bare fallow than 
cropped land; reducing bare fallow will re-
duce soil erosion.

Mulching/residue management

Within annual croplands, much of the car-
bon in plant biomass is removed during 
harvest. Although most carbon storage in 
agricultural systems is in the soil, plant and 
residue management are directly related to 
soil carbon inputs and are important for ero-
sion prevention. Plants and plant residues 
can also be used as a renewable energy 
source, offsetting the use of fossil fuels. 
Understanding how much crop residue 
must remain on the soil surface to prevent 
erosion is an important practical question. 
The answer to the question will dictate 
management strategies to prevent erosion 
and maintain soils. An equivalent question 
for soil carbon stocks is how much crop 
residue carbon must be input into the soil to 
maintain soil carbon stocks? Quantitative 
answers to this question are very important 
for understanding the impacts of harvest 
and biomass removal practices, but very 
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few quantitative studies have been carried 
out to date. One study did evaluate the im-
pacts of maize harvest residues on soil carbon 
stocks, and found that under mulch tillage 
50% of the aboveground residues could be 
removed without impacting soil carbon 
stocks negatively (top 20 cm) (Sheehan 
et al., 2004). Another (Corbeels et al., 2006) 
suggested that most of the carbon seques-
tration benefits of direct-seeding mulch-
based cropping systems in Brazil were real-
ized due to increased carbon inputs from 
a mulch crop. Under no-tillage, the propor-
tion of surface residues that could be re-
moved increased to nearly three-quarters. 
Maintaining vegetative cover increases 
water infiltration, O2 diffusion into the soil 
(limiting denitrification) and CH4 diffusion 
into the soil (promoting CH4 consumption); 
it also promotes the uptake of mineral ni-
trogen, slows nitrogen loss and maintains soil 
organic nitrogen stocks, all of which limit 
denitrification.

In the US Southern Great Plains, sur-
face residues slow the movement of water 
across the surface, providing more time for 
infiltration, evaporation is reduced with 
residues due to reduced wind speeds and 
temperatures at the surface, and soil water 
storage at many semi-arid locations increased 
with increasing amounts of crop residue 
maintained on the surface (Unger et al., 1991). 
In semi-arid areas, conservation tillage (espe-
cially no-tillage) can enhance production, 
but may be limited on severely degraded 
soils because of low organic matter con-
tents, low soil fertility, poor physical con-
dition, low water infiltration rates and poor 
plant productivity. Because crop residues 
are often a valuable resource for other pur-
poses (fodder, bedding, fuel, etc.), use of res-
idues for mulching may require a trade-off 
with these other uses (Giller et al., 2009). 
Also, in some cases immobilization of min-
eral nitrogen in decomposing litter may detract 
from soil fertility.

Retaining mulch and other crop res-
idues enhances water storage in soil, enab-
ling adaptation to extreme events (drought, 
heat stress), which are expected to become 
more frequent as the climate changes. Sur-
face residues absorb radiation, keeping the 

soil temperature cooler (Steiner, 1989; 
Moreno et al., 1997). They also increase sur-
face roughness, decrease wind-driven dry-
ing of the soil surface and insulate the soil 
(Lampurlanes and Cantero-Martinez, 2006). 
In total, surface mulch reduces crop water 
requirements by 30% (FAO, 2007). Surface 
mulches also absorb energy from falling 
raindrops, reducing soil erosion. In situ-
ations where precipitation is lower/more er-
ratic, the physical presence of crop residues 
on the soil surface protects the upper soil 
layer, reducing soil temperatures and hence 
water loss, both important factors for the 
adaptation of plant growth as the climate 
warms (Maruthi et al., 2008).

Positive Exemplars: Reducing N2O 
Emissions in North America

Plant growth is enhanced by adding fertil-
izers – mineral or organic. However, while 
several studies have documented soil car-
bon sequestration in response to added fer-
tilizers (Alvarez, 2005), even if C inputs to 
the soil increase in response to fertilization, 
added fertilizers can accelerate soil C outputs 
(decomposition) offsetting any C sequestra-
tion (Russell et al., 2009). Perhaps most im-
portantly, increased N2O emissions are likely 
to offset most C sequestration in almost all 
cases (Schlesinger, 1999).

Synchronization of nitrogen supply and 
nitrogen demand limits the build-up of min-
eral nitrogen (either NH4

+ or NO3
–) in the soil, 

thus limiting N2O production via either 
nitrification or denitrification. Practices that 
promote the synchronization of nitrogen 
supply and demand – increasing the effi-
ciency of nitrogen use – are likely to reduce 
N2O fluxes (Mosier et al., 2004). For ex-
ample, autumn fertilizer applications lead 
to greater emission than spring applications, 
because new crops or re-emerging forage 
grass seedlings in the spring remove mineral 
nitrogen from the soil, limiting the availabil-
ity of nitrogen for microbially mediated nitri-
fication and denitrification. Plants typically 
demand the greatest amount of nitrogen 
early in the season, and thus application at 
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this time should reap the most benefit for re-
ducing N2O emissions, while still providing 
the necessary nutrients for high productiv-
ity. Hence, the best management strategy is 
to reduce mineral nitrogen additions, if pos-
sible, or at least fertilize during periods of 
the year when the crops or forage grasses are 
most actively growing (Drinkwater, 2004).

N2O emissions can increase shortly 
after the adoption of no-tillage due to greater 
denitrification; this is probably due to in-
creased water-filled pore space with improved 
soil aggregation. However, high N2O emission 
rates decline with long-term (10–20 years) 
adoption of no-tillage (Six et  al., 2004). 
 Applying minimal amounts of nitrogen fer-
tilizer and ensuring that the timing of appli-
cations coincides with the active growth of 
crops or forages will minimize N2O emis-
sions from soils.

Conclusion

Many agricultural management practices 
can lead to increases in soil carbon stocks in 
North American cropland and grazing land 

systems, offsetting greenhouse gas emissions 
while simultaneously leading to economic 
and environmental co-benefits. These ancil-
lary benefits make adoption of those prac-
tices more compelling. Co-benefits are not 
distributed evenly across all regions of 
North America; in particular, the soil mois-
ture benefits for adaptation to climate change 
variability and climate change seem most im-
portant in regions susceptible to periodic 
droughts. The ancillary benefits of C-seques-
tering management practices carry some 
risk: they raise additionality barriers to par-
ticipation in carbon markets (Conant, 2011) 
and may be susceptible to reversals if they 
lead to the creation of a resource that could 
be harvested, such as soil nitrogen (Janzen, 
2006). Nevertheless, the value of co-benefits 
must be considered in projects to encourage 
management practices that sequester carbon 
in North American croplands and grazing 
lands.
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Abstract
Conventional peatland agriculture and forestry is based on drainage, which enhances peat oxidation, 
causes massive greenhouse gas emissions and eventually destroys the peatland subsistence base. In 
contrast, paludicultures use biomass from wet and rewetted peatlands under conditions that maintain 
the peat body, facilitate peat accumulation and provide the associated natural peatland ecosystem 
services. In the temperate, subtropical and tropical zones, i.e. those zones of the world where plant 
productivity is high, peat is generally formed by roots and rhizomes, and peatlands by nature hold 
vegetation of which aboveground parts can be harvested without substantially harming peat 
conservation and formation.

Besides traditional yields of food, feed, fibre and fuel, the biomass can be used as a raw material 
for industrial biochemistry, for producing high-quality liquid or gaseous biofuels and for further pur-
poses like extracting and synthesizing pharmaceuticals and cosmetics. Some outstanding examples 
are introduced, including low-intensity grazing with water buffalos, biofuels from fens, common reed 
as industrial raw material and sphagnum farming for horticultural growing media.

Paludicultures may support substantial co-benefits, including the preservation and sequestration 
of carbon, regulation of water dynamics (flood control) and quality, and conservation and restoration 
of typical peatland flora and fauna. They can provide sustainable income from sites that have been 
abandoned or degraded.

In many cases, paludicultures can compete effectively with drainage-based peatland agriculture 
and forestry, certainly when external costs are adequately considered. Various technical and political 
constraints, however, still hamper large-scale implementation of this promising type of land use.
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Introduction

Drainage for agriculture and forestry is the 
main cause of carbon losses from peatland. 
Drained peatlands are found primarily in 
the temperate zone and the (sub)tropics, i.e. 
in those areas that are densely populated 
and climatically favourable for agriculture. 

Drained peatland soils are subject to inherent 
degradation, which burdens the environment 
and continuously lowers their productive 
value (Joosten et al., 2012).

Since 1990, east and central Europe 
have witnessed the abandonment of millions 
of hectares of agriculturally used peatlands 
through the combination of progressive soil 
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degradation, increasing costs of drainage 
and changed political and economic condi-
tions. This abandonment did not decrease 
the environmental problems. On the con-
trary: peatland fires arose as a new phenom-
enon in the drained and deserted peatlands, 
especially in Russia and Ukraine (Abel 
et al., 2011), and importantly, the abandon-
ment caused large-scale rural unemploy-
ment and social disintegration.

Vast areas of drained and deeply sub-
sided peatlands have meanwhile been flooded, 
because maintenance of the drainage infra-
structure was no longer cost-effective. This 
rewetting has to some extent re-established 
the ecosystem services of wet peatlands, in-
cluding carbon storage, flood control, water 
purification and the consolidation of bio-
diversity and wilderness conditions (Succow 
and Joosten, 2001; Theuerkauf et  al., 2006; 
Trepel, 2010a; Tanneberger and Wichtmann, 
2011), but while the delivery of these regu-
lating services was improved, that of provi-
sioning services usually ceased.

The introduction of sustainable pro-
ductive land-use options on wet and rewet-
ted peatlands is an innovative development 
to (re-)install economic carriers and to 
strengthen rural livelihoods. This chapter 
presents an overview of such ‘paludicul-
tures’ in Europe.

Environmental Drawbacks of  
Conventional Peatland Utilization

Conventional peatland utilization requires 
a lowering of the water table. As peat con-
sists largely of water, peatland drainage 
leads to subsidence and compaction of the 
peat. Drainage, furthermore, leads to oxidation 
of the peat that is no longer water-saturated, 
resulting in huge emissions of greenhouse 
gases (CO2 and N2O) to the atmosphere and 
nitrate to adjacent surface waters.

Drained peatland loses – depending on 
the climate – some millimetres up to several 
centimetres of peat per year (Couwenberg 
et al., 2010, 2011). These losses are acceler-
ated by ploughing and by the addition of 
lime, fertilizers and clastic materials (which 

increase peat oxidation; Clymo, 1983), by 
wind and water erosion (by which bare peat 
is blown or washed away; Evans and War-
burton, 2007), and by (subsurface) peat 
fires. The resulting lowering of the surface 
necessitates – in the case of continued ex-
ploitation – a continuous deepening of the 
drainage ditches, which again enhances 
peat oxidation, surface lowering, ditch deep-
ening, etc., a phenomenon known as ‘the vi-
cious circle of peatland utilization’ (Kuntze, 
1982). The continuously lowering surface 
makes gravity drainage increasingly diffi-
cult, and eventually necessitates the estab-
lishment of expensive polder systems with 
dykes and pumps. Furthermore, subsidence 
increases the risk of floods and saltwater 
 intrusion (Joosten et al., 2012).

In drier, more continental climates, con-
tinuous peat shrinkage and swelling as a 
 result of water-level fluctuations cause the 
formation of fissures in the drained peat, 
which impede capillary water flow and lead 
to more frequent and deeper drying out of the 
soil. Through the activity of soil organisms, 
drained peat soils become loosened and 
fine-grained and may eventually become to-
tally hydrophobic (Succow and Joosten, 
2001), so that after a few decades, agricul-
ture becomes impossible on the remaining 
black deserts (Plate 14).

It is clear that peatland exploitation by 
peatland drainage is a dead-end street. Ur-
gently new production techniques have to 
be developed that combine the (re-)instal-
ment of productive use with the restoration/
maintenance of the ecosystem services of 
wet peatlands.

The Principles of Paludiculture

Conventional peatland agriculture is based 
on drainage, which enhances peat oxidation 
and eventually destroys the peatland sub-
sistence base. In contrast, paludicultures 
(Latin ‘palus’ = swamp) use biomass from 
wet and rewetted peatlands under condi-
tions that maintain the peat body, facilitate 
peat accumulation and provide the associ-
ated natural peatland ecosystem services. 
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Paludicultures use that part of net primary 
production that is dispensable for peat for-
mation. In the temperate, subtropical and 
tropical zones, i.e. those zones of the world 
where plant productivity is high, peat is 
generally formed by roots and rhizomes, 
and peatlands by nature hold vegetation of 
which aboveground parts can be harvested 
without substantially harming peat forma-
tion (Wichtmann and Joosten, 2007).

Paludiculture comprises any biomass 
use from wet and rewetted peatlands, from 
harvesting spontaneous vegetation on nat-
ural sites to artificially established crops on 
rewetted sites. Besides traditional yields of 
food, feed, fibre and fuel, the biomass can 
be used as a raw material for industrial bio-
chemistry, for producing high-quality liquid 
or gaseous biofuels, and for further purposes 
like extracting and synthesizing pharma-
ceuticals and cosmetics.

Land-use Options for Rewetted 
Peatlands in Temperate Europe

Since early times, the utilization of biomass 
is part of the ambiguous relationship of 
humans and wet peatlands (Moore, 1987; 
Joosten, 2009). Already in 17th century in 
England, the value of fen peatlands in pro-
viding fodder for horses, cattle and sheep, 
as a store of ‘osier, reed and sedge’ and as 
‘nurseries and seminaries’ of fish and fowl 
was recognized (Wheeler, 1896).

Land-use options of wet peatlands may 
entail the collection of plants and hunting 
of animals for direct consumption without 
much management intervention. In the bor-
eal zone of Eurasia, a wide variety of wild 
edible berries (Vaccinium, Empetrum, Ru-
bus, Ribes) and mushrooms are gathered for 
food and vitamins (Joosten and Clarke, 
2002), and these services have been major 
justifications in Russia and Belarus to pro-
tect and restore mires. In other parts of the 
world, a variety of plants for human nutri-
tion or medical use are collected from wet 
peatlands, such as wild rice, Zizania aquat-
ica (North America), or Menyanthes trifolia-
ta, Acorus calamus and Hierochloe odorata 

(Europe) (Joosten and Clarke, 2002). Other 
traditional, low-intensity uses include hunt-
ing and fishing.

More intensive land-use options in-
clude the site-adapted cultivation of crops 
and livestock grazing. Some of them revital-
ize traditional forms of land use through 
new utilization schemes. Others, such as 
the cultivation of plants for biofuels, pro-
vide newly developed products for new 
market demands (Table 25.1). Some out-
standing examples are introduced in the 
following sections. All concepts have in 
common that the peatland mean water level 
is near the soil surface.

Low-intensity grazing  
with water buffalos

Peatlands have over centuries served as 
wild pasture for (semi-)domestic animals, 
but this kind of low-impact use has de-
creased drastically in recent decades (Tan-
neberger and Wichtmann, 2011). Cattle 
grazing for dairy production generally 
 require peatland drainage. However, on 
drained sites, the quantity and quality of 
the available fodder cannot keep up 
with the increasing quality needs of high- 
production dairy cows. As a consequence, 
the drained peatland grasslands are often 
abandoned or (in the European Union, EU) 
only managed symbolically for securing 
EU subsidies.

Grazing with water buffalos, Bubalus 
bubalis, after rewetting may provide an al-
ternative. Water buffalos forage on biomass 
with low energy content and are well 
adapted to permanent wet conditions. They 
suffer much less from parasites and hoof 
diseases, and can move much better on wet 
soils than normal cattle (Krawczynski et al., 
2008). Wet grassland management with buf-
falos seems to have important benefits for 
biodiversity, as diverse reed beds have a 
variety of microhabitats. As buffalos hardly 
need medication, in contrast to conven-
tional dairy cattle, their dung is not contam-
inated by anthelmintics and supports rich 
microflora and fauna, which forms the basis 
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Table 25.1. Biomass utilization from wet peatlands in temperate Europe.

Category Products Producing
Exploitation  
methoda Harvesting time

Quality 
demands

Peat accumulation  
rate

Food Berries and other fruits Shrubs, dwarf shrubs S, A Autumn Medium
Mushrooms Mushrooms S Summer/autumn High Medium
Meat Game, fowl, fish S Hunting season Medium

Fodder Ex situ (hay, silage) Wet meadows, reeds S Summer High Possible
In situ (grazing) Wet meadows, reeds S Entire year High Possible

Fibre Roofing materials Reeds S, A Winter High Medium
Building panels/boards Reeds S, A Winter High/no Medium
Insulation materials Reed, cattail S, A Winter High Medium
Timber/veneer Alder, birch, pine S, A Winter-frost High Medium
Wattle and basketware Willow, bulrush S, A Autumn High Possible
Form bodies Wet meadows, reeds S, A Autumn/winter Medium Medium
Growing media Peat moss S, A Entire year High Possible
Litter Sedge meadows, reeds S, A Summer/autumn No Possible
Compost Wet meadows, reeds S, A Late summer No Possible

Fuel Direct combustion Alder/birch/willow, reeds S, A Autumn/winter No Medium
Pellets, briquettes Wet meadows, reeds S, A Winter/early spring No Medium
Biogas Wet meadows, reeds S, A Early summer Possible Possible
Liquid biofuels Wet meadows, reeds S, A Entire year No Medium
Biochar Wet meadows, reeds S, A Winter No Medium

Further Pharmaceutics Many herb and forb species S, A Summer High Possible
Flavours Various herb, forbs, grasses S, A Summer High Possible
Cosmetics Various herb species S, A Summer High Possible

aS, spontaneous occurrence; A, artificially established.
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for a rich food web. Buffalos can be kept 
outside year-round so that dung, and its 
microflora and -fauna, is available year-round 
for birds and bats. In Germany, 13 years of 
buffalo breeding has shown that buffalos 
have no difficulty with temperatures below 
–20°C if they can shelter from wind and 
have a type of straw bed to lie on.

Biofuels from fens

Biofuel paludicultures maintain and re-
install ecosystem services of undrained 
peatlands, in sharp contrast to ‘biofuels’ from 
drained peatland. Biogas from maize (Zea 
mays) grown on drained peatlands, for ex-
ample, may cause over 800 t CO2-eq (equiva-
lent) of greenhouse gas emissions per tera-
joule of energy produced because of the 
carbon losses from peat oxidation, whereas 
burning fossil coal produces only 100 t per 
terajoule (Couwenberg, 2007). From a cli-
mate point of view, it is much better to burn 
the peat directly than to cultivate ‘biofuels’ 
on drained peatland. The absurd practice of 
biofuel production on drained peatland is 
supported, perversely, by EU agricultural 
subsidies and the Kyoto Protocol, which 
considers biofuels as climate neutral in the 
energy sector but fails to account for the 
huge peat carbon losses under the land-use 
sector (Joosten, 2011). Maize cultivation on 
drained peat soils has in recent years ex-
panded massively in Germany, stimulated 
by subsidies under the German Renewable 
Energy Sources Act.

On wet peatlands, winter-mown com-
mon reed, Phragmites australis, with aver-
age yields of 8 t dry weight ha–1 year–1, can 
compete economically with biofuels from 
mineral soils (cereal straw, miscanthus), 
even when adapted machinery for harvest-
ing under wet conditions is required (Wich-
mann and Wichtmann, 2009). The type of 
utilization (liquid biofuels, biogas, direct 
heat supply to single consumers, combined 
heat power for district heating, and others) 
eventually determines the economic rev-
enues. With a yield of 8 t dry weight ha–1 
year–1 and a heating value of 17.5 MJ kg–1 

dry weight, common reed from 1 ha can re-
place fossil fuels in a combined heat power 
(CHP) plant that would otherwise emit 10 t 
CO2-eq. With emissions from handling 
(mowing, transport, storage, delivery and 
operation of the cogeneration plant) amount-
ing to 2 t CO2-eq ha–1 (Wichtmann et  al., 
2009), the emissions reduction from the re-
wetting (15 t CO2-eq ha–1 year–1) and re-
placement of fossil fuel (10 t CO2-eq ha–1 
year–1) adds up to about 23 t CO2-eq ha–1 
year–1 (Wichtmann and Wichmann, 2011b).

Common reed as industrial  
raw material

From a climatic perspective, the use of bio-
mass for construction or handicraft is to be 
favoured over its use as a fuel, as the carbon 
sequestered in the biomass remains stored 
long-term. With respect to using fibre from 
peatlands, common reed for thatch has 
the longest tradition in Europe (Rodewald- 
Rudescu, 1974; Moir and Letts, 1999; Häk-
kinen, 2007). In Germany, the Netherlands, 
Denmark and the UK, the demand for 
high-quality reed is so large that it cannot be 
satisfied by inland harvest, and reed has to 
be imported from southern and eastern Europe, 
Turkey and China (Schäfer, 1999; Haslam, 
2010). Weaving of reed is a long-established 
way of manufacturing construction and in-
sulation materials.

The economics of reed as a construc-
tion material depend strongly on processing 
and use (Schäfer, 1999). Thatch produced 
from wet peatlands showed negative rev-
enues when high costs for planting and pro-
cessing met low biomass yields and prices, 
but calculated proceeds turned positive in 
more realistic settings (Schäfer, 2004). Fur-
ther mechanization of planting, improved 
harvesting and the development of new 
products may improve the results. In com-
parison, cattail, Typha spp., cultivation, 
with an average dry matter yield of 15 t ha–1  
year–1, proved to be profitable in calcula-
tions based on pilot trials in the Donaumoos 
(Germany) (Wild et al., 2001) when used for 
the production of high-quality insulation 
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materials and other panels or boards, but 
not when used for combustion (Schätzl 
et al., 2006).

Sphagnum farming for horticultural 
growing media

The cultivation of vegetables, fruits and 
flowers is increasingly soil-less, i.e. takes 
place in pre-prepared ‘growing media’ that 
allow uniform, high-quality plants to be 
grown at very high productivity levels. Sphag-
num peat has, in the last decades, emerged as 
the foremost constituent of these growing 
media (Joosten, 1995; Alexander et  al., 
2008) because of its structural stability, low 
bulk density, high porosity and low pH, nu-
trient and nitrogen immobilization levels 
(Schmilewski, 2008). Annually, some 30 mil-
lion m3 of peat in the EU are used for the 
production of growing media that support a 
modern horticulture, accounting for a turn-
over of €1.3 billion and 11,000 jobs (Alt-
mann, 2008).

The highest-quality peat is slightly 
humified sphagnum peat (‘white’ peat), 
which over the past 3000 years has formed 
from sphagnum mosses. In most countries 
of western and central Europe, including 
Germany, the stocks of white peat are nearly 
depleted (Joosten, 2012), and raised bogs 
are protected as a priority habitat under the 
EU Habitat Directive (92/43/EEG). To satisfy 
horticultural demands, white peat is, in 
 increasing volumes, imported from Scandi-
navia, Canada and, especially, the Baltic 
States (Joosten, 1995). Peat extraction thus 
progressively destroys raised bogs with 
their typical biodiversity, carbon storage 
capacity, water regulation function and pal-
aeo-environmental archive. The white peat 
used in Germany, for example, leads to an-
nual emissions of 20 Mt of CO2, that is, a 
volume similar to that from aviation (http://
unfccc.int/national_reports/annex_i_ghg_
inventories/national_inventories_submissions/ 
items/6598.php).

A reduction of these negative environ-
mental effects of horticultural production 
needs urgent attention (Verhagen et al., 2009; 

LLUR, 2012). The UK and Switzerland have 
already decided to reduce and eventually 
phase out the use of peat entirely in their 
countries (Secretary of State for Environ-
ment, Food and Rural Affairs, 2011; http://
www.news.admin.ch/message/index.html? 
lang=de&msg-id=47174). Until now, how-
ever, these decisions have had little effect 
on the volume of peat consumed, as envir-
onmentally friendly, economically competi-
tive and high-quality alternatives have been 
lacking.

The most promising alternative for peat 
as a constituent of growing media is sphag-
num biomass, which has similar physical 
and chemical properties as white peat. 
Since 2004, peat moss cultivation (‘sphag-
num farming’) has been studied in green-
house and field experiments by the Univer-
sity of Greifswald (Germany) and associated 
research and industrial partners. A com-
mercial scale pilot site of 5 ha was installed 
successfully on former bog grassland in 
spring 2011 (Joosten et al., 2013). Plant cul-
tivation experiments by the Horticulture 
 Research Station, Hanover and the von Hum-
boldt University, Berlin have shown that 
growing media of sphagnum biomass – even 
up to a proportion of 100% – enable profes-
sional plant cultivation without loss of 
quality compared to peat. Next to providing 
a renewable alternative to fossil peat, sphag-
num farming may enable a climate-friendly, 
sustainable after-use option for abandoned 
cut-over bogs and degraded bog grasslands 
(http://www.sphagnumfarming.com).

Benefits of Paludicultures

Compared to land use on drained peat soils, 
paludicultures have important environmen-
tal benefits (Wichtmann and Wichmann, 
2011a). Rewetting as a precondition for 
paludiculture may restore drained peat-
lands to peat-forming ecosystems, enhan-
cing important regulating services such as 
climate regulation through protecting car-
bon stores and new carbon sequestration, 
water-quality regulation by providing sinks 
for nutrients and water filtration (Trepel, 

http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/6598.php
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/6598.php
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/6598.php
http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/6598.php
http://www.sphagnumfarming.com
http://www.news.admin.ch/message/index.html?lang=de&msg-id=47174
http://www.news.admin.ch/message/index.html?lang=de&msg-id=47174
http://www.news.admin.ch/message/index.html?lang=de&msg-id=47174
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2010b), and wildfire control by decreasing 
fire incidence and its associated damage.

Rewetting substantially reduces green-
house gas emissions from peat oxidation 
(Couwenberg et al., 2011). Even more emis-
sions are avoided when the produced bio-
mass is used to replace fossil raw materials 
and fossil fuels. Combining bioenergy gen-
eration and rewetting of drained peatlands 
thus makes paludiculture an extraordinarily 
cost-effective climate change mitigation op-
tion that can generate income both from car-
bon credits and from biomass production 
(Tanneberger and Wichtmann, 2011).

Rewetting drained peatlands can also 
support typical peatland flora and fauna, 
which is often severely threatened due to 
habitat loss. Within a few years after in-
stallation, many typical bog species had 
spontaneously established in our first 
1200 m2 large sphagnum farming pilot 
plot in north-west Germany, including 
several red list plant species, an extremely 
rare bog myxomycete (Badhamia lilacina, 
second observation in Germany) and a 
similarly rare bog spider (Bathyphantes 
setiger, fourth observation in Germany 
since 1950).

Rewetted peatlands that were used for 
intensive, drainage-based agriculture are 
often nutrient overloaded, highly product-
ive and hardly ever harbour rare species. 
By harvesting biomass in summer, signifi-
cant amounts of nutrients may be removed, 
which improves habitat quality for charac-
teristic mire species of more nutrient-poor 
conditions. In contrast, by collecting dead 
biomass in winter, most nutrients are left on 
site, and stable yields can be achieved over 
long periods.

In sites designated for conservation, 
paludiculture must be considered as a cost- 
effective management option, instrumental 
but ancillary to conservation (Wichtmann 
et al., 2010a,b).

Last but not least, paludicultures im-
prove rural livelihoods. They can provide 
sustainable income from sites that have 
been abandoned or where use took place 
that degraded the land. Autumn and winter 
harvest leads to more consistent employ-
ment throughout the year, whereas biomass 

processing may create net added value and 
generate additional jobs.

Perspectives

The area of drained peatlands in the world 
amounts to some 500,000 km2 (Joosten, 
2010), with problems associated with deg-
radation occurring everywhere (Joosten 
et al., 2012). Practical experiences and model 
calculations show that, in many cases, palu-
dicultures can compete effectively with 
drainage-based peatland agriculture and 
forestry, certainly when external costs are 
adequately considered. Various conditions, 
however, still hamper large-scale implemen-
tation.

Rewetting of peat soils often requires 
investments over the entire hydrological 
unit (polder, catchment area), as it is unfeas-
ible to rewet single plots surrounded by 
fields that continue to be drained. Such re-
wetting will demand hydrological restruc-
turing, land reallotment and consolidation 
of a similar scale as the huge projects that 
drained the peatlands in the first place. Fur-
thermore, similar to drainage schemes, re-
wetting must be considered to be virtually 
irreversible on the level of the individual 
enterprise. Because of the important ecosys-
tem services generated for wider beneficiar-
ies, it is reasonable that peatland rewetting 
projects are supported by central planning 
and public financing. In the EU, however, 
agricultural subventions still cause a sub-
stantial market distortion by subsidizing 
drainage-based peatland agriculture; for 
example, for biofuel production of maize 
on peatlands, but not similarly supporting 
paludicultures. There, the subsidy system 
of the EU Common Agricultural Policy should 
be modified to target mainstream support to 
paludicultures (direct payments), to sharpen 
cross-compliance requirements towards 
protecting carbon-rich organic soils, to 
introduce agri-environmental schemes and 
agroclimate programmes for raising water 
levels (in average to 20 cm below surface or 
higher) and to enable long-term agreements 
(cf. irreversibility) to secure peatland rewetting.
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Abstract
Organic matter is of great importance in soil, because it impacts on the physical, chemical and biological 
properties of soils. Physically, it promotes aggregate stability and therefore water infiltration, 
percolation and retention. Biologically, it stimulates the activity and diversity of organisms in soil. 
Decomposing organic matter releases nutrients, such as nitrogen (N), phosphorus (P), sulfur (S) and 
potassium (K), essential for plant and microbial growth. Sustainable land management practices 
enhance carbon sequestration and sustain agricultural productivity, thus mitigating against climate 
change. In Western Africa, there is a rapid decline of soil organic carbon (SOC) levels with continuous 
cultivation. For the sandy soils, average annual losses may be as high as 4.7%, whereas with sandy 
loam soils, losses are lower, with an average of 2%. In the equatorial forest zone with higher rainfall, 
abundant moisture favours high biomass production, which in turn brings about higher SOC 
(~24.5 g kg–1 organic C) and nitrogen contents. In the Sudan savannah, organic carbon (~3.3–6.8 g kg–1) 
and total nitrogen are very low, because of low biomass production and high rates of decomposition. 
Estimates of SOC stocks and changes made for Kenya using the Global Environmental Facility Soil 
Organic Carbon (GEFSOC) Modelling System indicated soil C stocks of 1.4–2.0 Pg (0–20 cm), which 
compared well with a soil and terrain (SOTER)-based approach that estimated ~1.8–2.0 Pg (0–30 cm) 
of soil C between 2000 and 2030 in Kenya. Direct field sampling and laboratory measurements of soil 
carbon in Kenya has been going on for over half a century, and the data exist in the form of numerous 
technical and research reports, theses, journal papers and workshop proceedings, Kenya Agricultural 
Research Institute annual reports and geographic information system (GIS) databases. A combination 
of biomass measurements and empirical equations has also been employed in Kenya to measure 
organic carbon stocks. Stratified random sampling of herbaceous standing crop has been carried out at 
Nairobi National Park to estimate primary production of the grassland savannah. The Carbon Benefits 
Project, developed between 2009 and 2012 by Colorado State University (USA) in collaboration with 
Kenya, Nigeria, Niger and China, is able to estimate carbon stocks and greenhouse gas (GHG) emissions. 
Increasing soil organic matter content can both improve soil fertility and reduce the impact of drought, 
improving adaptive capacity, making agriculture less vulnerable to climate change, while also 
sequestering carbon. Agronomic practices in western Kenya include using improved crop varieties, 
extending crop rotations, notably those with perennial crops that allocate more C below ground, and 
avoiding or reducing the use of bare unplanted fallow among others. Increasing the soil carbon in farms 
improves soil fertility, hence improves food security, increases economic returns from carbon revenues 
and creates business development opportunities for farmers to diversify income-generating activities. 
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Population pressures, declining plot sizes and resource constraints in Africa have led to agricultural 
intensification and continuous cropping with insufficient inputs, leading to rapid decline in SOC 
stocks. Sustainable management of organic resources will require interventions by regional governments 
to help farmers access inputs cheaply, as well as educating farmers on sustainable land management 
practices.

Introduction

The distribution of organic matter resources 
varies with agroecological zones, land use 
in the ecosystems and rainfall within the 
continent from the Sahel to the Congo 
basin. Due to this variability, the mapping 
of soil organic carbon (SOC) is essential for 
appropriate land uses and climate mitiga-
tion and adaptation strategies. In the Sahel 
and the horn of Africa, soil organic matter 
(SOM) has proven to be an indicator of soil 
quality and has been severely degraded due 
to human activities, which leads to soil 
degradation through erosion and loss of 
soil fertility, but this trend can be alleviated 
through appropriate management. In forest 
ecosystems, notably the Congo basin, the 
parameter is an indicator of soil health and 
ecosystems equilibrium. SOC has been used 
for centuries by rural communities to yield 
multiple benefits, such as: (i) improve food 
security and nutrition with the cropping of 
mushrooms and other meso fauna species; 
(ii) increase yield and diversity of on-farm 
and out-farm crops; and (iii) ensure the re-
sistance of housing using dark rich soils, re-
ducing rainfall penetration.

At subnational, national and regional 
levels, increased attention is being given 
to SOC in the context of climate change as 
a result and indicator of the relevance of 
adaptation and mitigation technologies. 
Managed appropriately, carbon stocks will 
ensure the conservation of multiple benefits 
such as the diversification of crops, wild-
life, timber and non-timber, livestock and 
fisheries products. To maintain and im-
prove soil productivity and its derived 
benefits, organic carbon should be managed 
according to a specific context. Among the 
biotic factors, biodiversity conservation in 
cropping, pastures, water and forest sys-
tems, along with carbon conservation, may 
provide a pathway to sustainable development. 

Land-use changes such as conversion of for-
est or grassland to agricultural use have 
continued to be of great concern to environ-
mentalists (Lal et al., 1995). Land-use conver-
sion from forest to annual crop cultivation 
and grazing land has been shown to influ-
ence change in soil properties (Kironchi 
and Mbuvi, 1996; Gal et al., 2006). Gal et al. 
(2006) have shown that there is consider-
able decline of total organic carbon, SOC 
and dissolved organic carbon in the world 
carbon stocks. Land-use changes, especially 
the cultivation of deforested land, may di-
minish soil quality rapidly, leading to se-
vere land degradation (Kang and Juo, 1986; 
Nardi et al., 1996; Islam et al., 1999). The 
conversion of forest to cropland has been 
associated with the reduction in the organic 
matter content of the topsoil (Ross, 1993; 
Singh and Singh, 1996) and the subsequent 
decline in productivity (Sanchez et  al., 
1997; Palm et al., 2001).

Population pressure, decreasing plot 
sizes and resource constraints in Kenya and 
sub-Saharan Africa have resulted in continu-
ous cultivation that has led to the depletion 
of SOM. The manure used in Kenya is gen-
erally of poor quality, due to poor storage 
and management. Continuous cropping, re-
moval of field crop residues for feeding ru-
minants and overgrazing between cropping 
seasons with little or no external inputs 
have reduced the productive capacity of ar-
able lands throughout sub-Saharan Africa 
(Onyango et  al., 2000). High input and 
transport costs for agrochemicals make the 
use of inorganic fertilizers on staple food 
crops uneconomical for most smallholder 
farmers. Lekasi et al. (2005) report that most 
farmers in the Sasumua catchment, a humid 
area in Kenya, hardly use fertilizer to re-
plenish the soil nutrients harvested through 
crop and animal produce. Most farmers in this 
catchment have observed a decline in yields 
of food and vegetable crops. This long-term 
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decline is related to cropping intensity on 
shrinking smallholder farms (less than 
1 ha) and to the limited use of organic and 
inorganic fertilizers (Lekasi et al., 2005). In 
Kenya’s semi-arid regions like the Kiboko 
Makindu area in eastern Kenya, farmers do 
not apply fertilizers and manure to maize 
because of the unreliable rainfall and also 
the assumption that their soils are fertile 
enough. Nutrient depletion through crop 
cultivation and soil erosion in sloping 
areas results in substantial decline in SOM 
content.

Role of Organic Carbon in 
 Sustainable Land Management

Organic matter is of great importance in 
soil, because it impacts on the physical, 
chemical and biological properties of soils 
(Bationo et  al., 2013). Physically, it pro-
motes aggregate stability, water infiltration, 
percolation and retention. It impacts on soil 
chemistry by increasing cation exchange 
capacity, soil buffer capacity and nutrient 
supply. Biologically, it stimulates the activ-
ity and diversity of organisms in the soil. 
The global carbon cycle involves the ex-
change of CO2 between the atmosphere and 
the biosphere, apart from oceans. Plants fix 
CO2 from the atmosphere during photosyn-
thesis to produce organic matter, which is 
stored above and below ground. The bulk of 
the biomass in above- and belowground 
plant parts is eventually transferred to the 
dead organic matter pool, or is oxidized or 
burnt. Dead organic matter, which consists 
of deadwood (standing as well as fallen) 
and litter, is either decomposed or oxidized, 
or stored for longer periods above or below 
the ground as detritus. CO2 fixed by plants 
ends up in soil as organic matter or finer 
forms as humus through the decomposition 
process. Thus, CO2 removed from the atmos-
phere is stored as dead and living biomass 
or soil carbon in the biosphere. Sustainable 
land management practices enhance carbon 
sequestration and sustain agricultural prod-
uctivity, thus mitigating against climate 
change. SOM has a stabilizing effect on soil 

moisture, improves the moisture  retention 
and release characteristics of soil and pro-
tects the soil against erosion (Batjes and 
Sombroek, 1997). Decomposing organic 
matter releases nutrients, such as nitrogen 
(N), phosphorus (P), sulfur (S) and potas-
sium (K), essential for plant and microbial 
growth.

Status of Soil Carbon

Soils in West Africa are poorly endowed 
when it comes to soil fertility. Unlike, for 
example, the Rift Valley area of East Africa, 
West African soils never enjoyed volcanic 
rejuvenation (Bationo et  al., 1998). In the 
equatorial forest zone with higher rainfall, 
abundant moisture favours high biomass 
production, which in turn brings about 
higher SOC (~24.5 g kg–1 organic C) and ni-
trogen contents. In the Sudan savannah, 
 organic carbon (~3.3–6.8 g kg–1) and total ni-
trogen are very low, because of low biomass 
production and high rates of decompos-
ition. With kaolinite being the main clay 
type, the cation exchange capacity of the 
soils in this region are often less than 
1 cmol kg–1, depending on the level of SOC 
(Bationo et al., 2005). There is a rapid de-
cline of SOC levels with continuous cultiva-
tion. For sandy soils, the average annual 
losses may be as high as 4.7%, whereas with 
sandy loam soils, losses are lower, with an 
average of 2%.

Estimates of SOC stocks and changes 
made for Kenya using the Global Environmen-
tal Facility Soil Organic Carbon (GEFSOC) 
Modelling System indicated soil C stocks 
of  1.4–2.0 Pg (0–20 cm) (Kamoni et  al., 
2007), which compared well with a soil and 
terrain (SOTER)-based approach that esti-
mated ~1.8–2.0 Pg (0–30 cm) (Batjes, 2004). 
In 1990, 48% of the country had SOC stocks 
of <18 t C ha–1 and 20% had SOC stocks of 
18–30 t C ha–1, whereas in 2000, 56% of the 
country had SOC stocks of <18 t C ha–1 and 
31% had SOC stocks of 18–30 t C ha–1. Con-
version of natural vegetation to annual 
crops led to the greatest soil C losses. All 
three methods involved in the GEFSOC 
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 system estimated that there would be a net 
loss of soil C between 2000 and 2030 in Kenya.

Monitoring of Soil Carbon

Soil databases that only hold data on total 
organic carbon content and limited infor-
mation on land use (history) can provide 
only limited information on the dynamics 
of carbon during land use or climate- 
induced changes in different agroecosys-
tems (Batjes and Sombroek, 1997). None the 
less, they remain critical in estimating the 
size of the global soil C and pools. Direct 
field sampling and laboratory measurements 
of soil carbon in Kenya have been going on 
for over half a century and the data exist in 
the form of numerous technical and research 
reports, theses, journal papers and work-
shop proceedings, annual reports and geo-
graphic information system (GIS) databases. 
A combination of biomass measurements 
and empirical equations has also been em-
ployed in Kenya (Woomer, 2003; Kamoni and 
Macharia, 2011). For trees, this normally 
involves measurements of the diameter at 
breast height (1.3 m from the ground) of a 
number of trees within each farm, and the 
total number of trees in the farm estimated 
visually. The aboveground biomass (AGB) is 
then estimated using allometric equations 
(Woomer, 2003), originally from FAO (1997): 

in dry zones (<1500 mm year–1)

Y = exp(–1.996 + 2.32 ln D)

and in moist zones (1500–4000 mm year–1)

Y = exp(–2 .134 + 2 .53 ln D)

where Y is the aboveground tree biomass in 
kg tree−1, exp = 2.71828 … or 22/7 and D is 
the measured tree diameter at breast height 
(DBH) in cm (calculated from the circumfer-
ence−diameter relationship, i.e. C = πD).

The equations below (Hairiah et  al., 
2001) were used to calculate the aboveground 
biomass for bananas and coffee:

Y = 0.303D 2 .1345

Y = 0.281D 2 .0635

Grass and shrubs

Whole grass and shrub cover in 1 × 1 m 
plots are cut and weighed in the field and 
subsamples dried in the oven. The average 
dry weights per 1 × 1 m space are then calcu-
lated and used to determine the aboveground 
biomass per hectare.

Root biomass

The total root biomass for trees, fruit trees, 
bananas, coffee and tea are calculated using 
the estimates below (Woomer, 2003).

Total root biomass = root biomass (0.35 
AGB) + leaf drop (0.15 AGB) + fine root 
turnover (0.15 AGB) but for maize, beans, 
cowpeas, watermelon, grass and shrubs, 
only the 0.35 AGB factor was used.

Maize and legumes

The relationship between yield, total bio-
mass and harvest index (HI), that is total 
biomass = yield × HI, was used to esti-
mate the aboveground biomass for maize, 
beans and cowpeas (Kamoni and Machar-
ia, 2011). Information on crop yields and 
area planted per crop was provided by the 
farmers. Area measurements for small, 
planted plots were taken during inter-
views.

Converting Biomass  
to Carbon Stocks

Total biomass (kg ha–1) is multiplied with a 
factor of 0.47 to convert to C (kg ha–1) (Woom-
er, 2003).

Kamau et  al. (2008) used destructive 
methods (uprooting) to measure tea bio-
mass in Kericho, Kenya. Batjes (2004, 
2011) used information contained in the 
International Soil Reference and Informa-
tion Centre (ISRIC) soil profile pits data-
base for Kenya (bulk density, per cent of 
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carbon, thickness of soil layer and volume 
of fraction >2 mm) to calculate the soil car-
bon stocks for Kenya and Upper Tana, re-
spectively.

Kamoni et al. (2007) used a modelling 
approach using Century and Roth C models 
and the Intergovernmental Panel on Climate 
Change (IPCC) system to predict soil or-
ganic carbon stocks and changes in Kenya 
between 1990 and 2030. Stratified random 
sampling of herbaceous standing crops have 
been carried out in Nairobi National Park to 
estimate the primary production of the 
grassland savannah (Desmukh, 1986; Kin-
yamario and Imbamba, 1986), although 
their results were not converted to carbon 
stocks. The Carbon Benefits Project, devel-
oped between 2009 and 2012 by a consor-
tium of partners including Colorado State 
University in collaboration with Kenya, 
Brazil, Nigeria, Niger and China, provides 
tools to estimate carbon stocks and green-
house gas (GHG) emissions.

Management of Organic  
Carbon

Land management practices that increase 
net primary productivity, reduce the rate of 
heterotrophic respiration, or both, lead to 
an increase in ecosystem C storage. Ex-
amples include the planting of trees, redu-
cing the intensity of tillage on cropland or 
restoring grasslands on degraded (SCC-VI 
Agroforestry East Africa, 2008) land. Soil 
fertility improvement increases plant bio-
mass, hence increasing carbon sequestra-
tion (the storage of carbon dioxide usually 
captured from the atmosphere), and con-
trols climate change. Decline in soil fertility 
causes substantial net losses of soil carbon, 
resulting in increased carbon flux to the at-
mosphere. Increasing SOM content can 
both improve soil fertility and reduce the 
impact of drought, improving adaptive cap-
acity and making agriculture less vulnerable 
to climate change, while also sequestering 
carbon. Burning of fossil fuels (coal, oil and 
gas) and land-use conversion (agriculture, de-
forestation) releases GHGs that influence 

atmospheric cycling, or a net positive radiative 
forcing that triggers an increase in tem-
perature, which eventually affects climatic 
patterns like rainfall, pressure or cyclones, 
and later interacts with whole spheres of 
the earth (SCC-VI Agroforestry East Africa, 
2008). GHGs are the gases released by 
human activity that are responsible for cli-
mate change and global warming. Agricul-
ture (through improved management prac-
tices) and forestry provide, in principle, a 
significant potential for GHG mitigation. 
Improved and sustainable crop husbandry 
practices increase productivity, leading to 
increased SOC storage (SCC-VI Agroforestry 
East Africa, 2008). Examples of agronomic 
practices in western Kenya include using 
improved crop varieties, extending crop 
rotations, notably those with perennial 
crops that allocate more C belowground, 
and avoiding or reducing the use of bare 
unplanted fallow among others. This al-
lows for better vegetation cover, protec-
tion of the soil and spread of the harvest 
within the farm. Forests can store 20–100 
times more carbon than other vegetation 
types on the same land area, or around 
30–60 t C ha–1.

Conclusions

Population pressures, declining plot sizes 
and resource constraints in Africa have led 
to agricultural intensification and continu-
ous cropping with insufficient inputs, lead-
ing to rapid decline in SOC stocks. Sustain-
able management of organic resources will 
require interventions by regional govern-
ments to help farmers access inputs cheaply, 
as well as educating farmers on sustainable 
land management practices. Specific strat-
egies to increase the soil carbon pool have 
been identified and include degraded land 
restoration and vegetative regeneration, no-
till farming, cover crops, organic residues, 
composting, nutrient management, manur-
ing, improved grazing, water conservation 
and harvesting, efficient irrigation, agrofor-
estry practices and growing energy crops on 
fallow land.
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Abstract
While soil organic matter (SOM) content can be directly correlated with crop yield at the country/ 
province level, abundance in SOM content may also be linked to economical output such as gross 
 domestic production per capita at the county or province scale. Benefits of SOM include increasing 
nitrogen (N) efficiency, enhancing soil biodiversity and the health of soil food web systems, as well 
as aiding the degradation of toxic pollutants. Among these, the enhancement of the soil microbial 
community, and hence microbiochemical functions, is of key importance for productivity in crop-
lands. Many studies have shown that the metabolic quotient of the soil microbial community (the 
specific quotient of soil respiration to SOM content) is unchanged or lowered as SOM accumulates. 
In order to characterize these benefits, several parameters are needed: (i) microbial abundance on 
the base of SOM content (microbial quotient, %); (ii) soil basal respiration to microbial biomass 
carbon (C); and (iii) normalized enzyme activity on the bases of soil microbial biomass carbon and 
soil organic carbon. As yet, there is no evidence that there is an SOM limit for Asian agricultural 
soils. A conceptual model of the role of SOM and benefits from the interaction with mineral par-
ticles and the formation of aggregates is hypothesized to gain an understanding of the benefits of 
SOM in croplands.

27 Benefits of SOM in Agroecosystems: 
The Case of China

 Genxing Pan*, Lianqing Li, Jufeng Zheng, Kun Cheng,  
Xuhui Zhang, Jinwei Zheng and Zichuan Li

*E-mail: pangenxing@aliyun.com

The Importance of Soil Organic 
Matter in China’s Agriculture

Organic matter is considered as vital to the 
soil fertility of croplands, and has been pro-
posed as a key soil parameter for the charac-
terization of soil quality, productivity and 
ecosystem functioning (Tiessen et al., 1994). 
Moreover, topsoil soil organic matter (SOM) 

content has been suggested as the most im-
portant key soil quality parameter for the 
European Union’s (EU) agricultural and for-
estry sectors (EC, 2002). A case study of 
tropical farming systems (Dawe et al., 2003) 
demonstrated that SOM had a significant 
control on crop productivity and function-
ing. This was later highlighted by Manlay 
et al. (2007). Recently, when reviewing the 

mailto:pangenxing@aliyun.com
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historical development of world agriculture, 
scientists have put increasing emphasis on 
the degradation of agroecosystems due to the 
depletion of SOM under intensified crop-
ping and increasing chemical fertilization 
(Feller et al., 2012).

Based on statistics of cropland topsoil 
organic matter contents and the crop yield 
changes across a time span from 1949 to 
1999, Pan et al. (2009a) were able to draw a 
linear relationship between mean cereal 
productivity and average cropland SOM 
contents in provinces of China. However, 
the incremental response depends on cli-
matic conditions and socio-economical and 
technological factors. The dependency of 
crop yield on SOM appears to have de-
creased in recent times, probably due to the 
enhanced technology input with econom-
ical development. This is also seen in an 
analysis of crop productivity in relation to 
SOM and the variation between the regions 
of China, where mean provincial cereal 
yield in the major crop producing provinces 
is strongly related to mean topsoil SOM 
contents in north China as well as in Jiangsu 
and Shanghai during 1949–1999 (Pan et al., 
2013). Taking the example of Jiangsu, one of 
most developed provinces in China, a good 
correlation between both agricultural out-
put and gross domestic product (GDP) could 
be found with cropland SOM levels for the 
time before 1985 and in 2004 (Pan et  al., 
2013). These findings clearly show that the 
SOM level is not only very important for 
agricultural production but also for regional 
economic development, presumably due to 
enhanced production and ecosystem func-
tioning with SOM accumulation in soils.

Dynamics of SOM in China’s  
Croplands over the Past  

Two Decades

Depletion of SOM in croplands  
in the history of agricultural  

development in China

In the history of agricultural development, the 
depletion of SOM from cultivated lands has 

been a cause for concern from the perspective 
of both land degradation and greenhouse gas 
(GHG) emissions (Feller et al., 2012). As esti-
mated by Lal (1999), up to 5% of the original 
SOM has been lost from croplands worldwide 
due to land use changing from natural soils to 
croplands. This has given rise to an accumu-
lative global CO2 emission of 55 Pg C (IPCC, 
1995). In a literature review of agricultural 
soil research in China before 1960, Lindert 
et al. (1996) voiced serious concerns over the 
historical loss of SOM from a wide range of 
China’s ecosystems due to agricultural land use 
since the 1950s. Utilizing the Denitrification–
Decomposition (DNDC) model, Li (2000) 
found there had been a significant decline of 
organic carbon (C) storage in China’s croplands 
of up to 70 Tg  since the 1970s. Lal  (2004b), 
however, estimated a total loss of 3.5 Pg since 
agricultural development in China, including 
approximately 2 Pg from land desertification 
caused by irrational land use and management, 
as previously estimated (Lal, 2002),whereas a 
statistical analysis by Wu et al. (2003) of soil 
organic carbon storage from the archived se-
cond national soil survey data of cultivated 
soils showed a loss of whole soil organic car-
bon stock from China’s croplands of 7–8 Pg C 
compared with natural soils. In their work, a 
dramatic decline in organic carbon stock oc-
curred mainly in the north and other arid 
and semi-arid regions of China. Nevertheless, 
it has been argued that there have been large 
areas and soil–land-use associations where 
changes in SOM contents were either min-
imal or even positive, especially in irrigated 
areas (Pan et  al., 2003). Using a similar 
method to Wu et al. (2003), but using topsoil 
data from the national soil survey conducted 
during 1982–1985, Song et  al. (2005) com-
pared soil organic carbon (SOC) levels of 
cultivated soils to uncultivated soils in a 
comparative analysis, and revealed that cul-
tivation induced a loss of topsoil SOC stock 
of up to 14.8 ± 15.1 Mg ha–1. This gave a total 
SOM  decline of 2 Pg C due to the cultivation 
of natural soils for the whole of mainland 
China. In their work, over 60% of this loss 
was observed to occur in soils of north-east 
China, north-west China and south-west 
China. Therefore, significant loss of SOM oc-
curred under intensive cultivation and in 
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 degraded ecosystems due to land desertifica-
tion and/or climate change impacts. Of course, 
such a great loss of SOM could have led to 
historical emissions of CO2 to the atmosphere, 
leading to land-use change-induced climate 
forcing. Such a large decline in SOM would 
also lead to low soil fertility for croplands and 
degraded ecosystem services.

The trend of increasing SOM in China's 
croplands over the past two decades

There has been much work done to char-
acterize SOM changes with agricultural de-
velopment since the 1980s, motivated by 
 increasing concerns for soil resilience and 
sustainable production, as well as climate 
change mitigation through SOC sequestra-
tion. Since the second national soil survey, 
which recognized soil fertility and nutrient 
status as constraints on China’s agriculture, 
great efforts have been made to increase 
SOM levels and enhance soil resilience 
throughout China. Efforts have included 
policies to encourage straw return and con-
servation tillage, as well as combined use of 
organic and inorganic fertilizers. A series of 
long-term experiments has been established 
across mainland China for monitoring soil 
fertility and fertilizer use efficiency changes 
(Pan et al., 2009b), in particular in the major 
crop production regions. Among these is a 
national long-term fertilizer experimental 
network, which includes 70 sites across the 
main agricultural production area of China. 
It was initiated in the early 1980s, and in 
1990 nine sites, representing the major crop 
regions, were updated to a national long-term 
monitoring network for soil fertility and fer-
tilizer efficiency. There was also a network 
of long- term ecosystem experiments man-
aged by the Chinese Academy of Sciences, 
which included 16 sites situated across eco-
logical gradients in China. In addition, the 
Chinese Ministry of Agriculture has been 
managing cropland fertility and productiv-
ity in 299 sites across the main crop produc-
tion areas of China since the mid-1980s.

As shown in Table 27.1, over the period 
1985–2006, the monitoring sites and studies 
considered here have shown a trend for the 

overall increase of SOM. However, a con-
tinuous decline may also be observed in 
some regions, such as north-east and 
south-west China where there is soil erosion 
due to intensified agriculture and/or climate 
change (Huang and Sun, 2006; Cheng et al., 
2009). SOM levels have been increased by 
about 10% over the past few decades, with 
increases being greater in rice paddies than 
in dry croplands. For the last decade, there 
have been an increasing number of studies 
addressing the significance of this increase 
in soil SOC and the contribution this makes 
to the mitigation of CO

2 emissions from agri-
culture. Of the croplands in China, rice pad-
dies had been shown to deliver greater levels 
of carbon sequestration due multiple mech-
anisms e.g. physical protection, chemical 
binding with oxyhydrates, as well as mo-
lecular stabilization (Pan et al., 2007, 2009b). 
Using the data relating to changes in SOC, 
one can infer that a potential saturation of 
SOM could be as high as 18 g  kg–1 and 
32 g kg–1, respectively, for Chinese dry crop-
lands and rice paddies (Cheng et al., 2009). 
Clearly, most of China’s croplands are still a 
long way from this saturation level, with pre-
sent levels being far below the general levels 
found for EU and US croplands (Pan, 2009). 
Increasing SOC is still a challenge for China’s 
agricultural sector, for which more effective 
practices should be pursued, potentially by 
the amendment of biochar from crop straw 
(Pan et al., 2011). Nevertheless, the govern-
ment of China has been sponsoring incentives 
for enhancing SOM storage through straw 
return and combined fertilization using organic 
and inorganic fertilizers since 2003. Mean-
while, a national project on conservation tillage 
has been initiated, with the aim of extending 
conservation tillage to 20% of  China’s crop-
lands by 2050 (MA-SCDRC, 2009).

Benefits of Soil Organic Matter for 
Crop Production and Agroecosystem 

Functioning

As pointed out by Sohi (2012), SOM, par-
ticularly stable organic matter, may have a 
number of benefits for crop production and 
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plant health, as well as for ecosystem func-
tioning. Several studies conducted on field 
soils have indicated that SOC sequestration 
may have a number of co-benefits for crop 
production and agroecosystem functioning. 
These benefits may include the following.

Enhanced crop productivity  
and stability

As mentioned in previously, the role of SOM 
in sustaining crop production is well recog-
nized. This has been addressed in many 
long-term experiments. In a study of a long- 
term fertilization, Pan et al. (2009b) demon-
strated an increasing yield with SOM accu-
mulation under combined organic/ inorganic 
fertilization in east China, which was at-
tributed to the increased nitrogen (N) use 
efficiency with SOM accumulation. This is 
further supported by observations of yield 
changes with SOM accumulation in rice 
paddies under long-term fertilization studies 
in south China (Yuan et al., 2004; Pan and 
Zhao, 2005). In one of our long-term experi-
ments with conservation tillage, a signifi-
cant correlation between relative changes 
in  crop yields and relative changes in SOC 
were observed (Fig. 27.1). However, some of 
our long-term field studies have shown fur-
ther benefits for the enhancement and sus-
tainability of crop productivity. Much lower 
yield variability over years was observed in 
plots with high SOC contents under com-
bined organic/inorganic fertilization from 
long-term fertilization experiments from the 
Tai Lake region of Jiangsu and from the red 

soil region of Jiangxi (Pan and Zhao, 2005). 
Data from the experiments of the long-term 
monitoring system for soil fertility and fer-
tilizer efficiency, managed by the Chinese 
Academy of Agricultural Sciences, showed 
a wider variability of rice and wheat in sites 
with low background SOM levels than with 
high levels (Table 27.2). This finding high-
lights the role SOM enhancement can play in 
sustaining crop production in the face of en-
vironmental disturbance such as climate 
variability. We argue that higher SOC seques-
tration with SOM accumulation could have 
not only a synergic effect on increasing rice 
yield but also on sustaining productivity 
against environmental stresses (Lal, 2004a; 
Pan et al., 2009b). In particular, recent field 
experiments with biochar soil amendments 
to enhance the stable organic matter pool 
support the hypothesis that biochar has a 
stimulating effect on SOM by encouraging 
root system development of dry crops, in-
cluding maize, growing in SOM-depleted 
soils in arid regions (Zhang et al., 2010, 2012).

Retention of N and P, and reduction  
of N2O emission in croplands

There have been many studies demonstrat-
ing a controlling role of SOM in the reten-
tion of N in soils. This leads to a reduction 
of N release to waters and enhances N use 
efficiency in agricultural soils. It is already 
well known that soil N contents are well 
correlated with SOM levels in natural and 
agricultural soils. Increase in SOM content 
generally leads to an increase in the soil’s 

Table 27.1. Changes in topsoil (0–20 cm) SOC content of China’s croplands over 1985–2006, as revealed 
by data from different data sets.

Data set Land usea Initial (g kg–1) Final (g kg–1) Reference

National soil fertility 
network

Rice paddy (112) 18.43 ± 7.72 19.82 ± 7.47 Cheng et al., 2009
Dry croplands (187) 10.46 ± 5.89 11.05 ± 6.00

Soil quality change 
studies

Rice paddy (404) 15.74 ± 6.06 17.37 ± 6.31 Pan et al., 2009c
Dry croplands (677) 10.06 ± 6.72 10.83 ± 5.86

Long-term fertilization 
experiments

Rice paddy (135) 16.28 ± 6.00 18.83 ± 7.94 Wang et al., 2010
Dry croplands (346) 8.99 ± 6.02 10.61 ± 6.13

Long-term tillage 
experiments

Rice paddy (37) 13.02 ± 5.18 14.15 ± 5.44 Wang et al., 2009
Dry croplands (51) 9.29 ± 5.53 10.01 ± 5.36

aThe number in brackets is the observation number.
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Table 27.2. Crop yield variability over years, from different experiment sites with various SOM levels. 
(Courtesy of Dr Xu Mingang for the yield and SOC data from the long-term experiments sites between 
the late 1980s and early 2000s.)

Agro/ecoregion Cropping system

     Yield variability (%) under  
          different treatments

Topsoil SOM
(g C kg–1)Min Max

Tai Lake Plain Rice  8 30 18.0
Northern Zhejiang Plain Rice 12 30 16.0
Purple basin of Sichuan Summer rice 13 20 16.0
Rolling area of red soils, Jiangxi Double rice  8 17 16.5
Central China Plain Wheat–maize 30 45 7.5
Rolling area of red soils, Hunan Winter wheat 30 40 10.0
Purple basin of Sichuan Winter wheat 15 30 16.0
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Fig. 27.1. A coupling of soil organic carbon content change with crop yield change under conservation 
tillage experiments of China (a, rice paddies; b, dry croplands) (Wang et al., 2009).
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capacity to protect N. Data collected from 
ten provincial demonstration farms of high 
rice productivity in Jiangsu in the early 
1990s suggested a high level of total soil N 
capacity of 1–2 g kg–1 under SOM contents 
over 10 g kg–1 (Fig. 27.2). In a study of soil 
fertility changes with different fertilization 
from a long-term trial from the Tai Lake 
 region in Jiangsu, topsoil N was found to 
 increase significantly with SOM accumu-
lation. Total N was found to increase by 
0.2 g kg–1 of topsoil and 0.1 g kg–1 of topsoil at 
a depth of 0–5 cm and 5–15 cm under com-
bined fertilization of organic/inorganic fertil-
izers compared to under inorganic fertilizer 
alone, in accordance with an increase in SOC 
by almost 1.5 and 0.8 g  kg–1, respectively 
(Qiu et al., 2005). The relationship between 
changes in soil phosphorus (P) retention 
and SOM accumulation are less well docu-
mented. Generally, P becomes more mobil-
ized in OM-rich soils, a phenomenon of 
 organically activated mobilization. However, 
soil aggregation with SOM accumulation 
may offer physical protection for P released 
from dispersed soil particles. One of our 
earlier studies on P balancing at the plot 

scale showed less P loss from soils with 
high SOM contents (accumulated under 
combined organic/inorganic fertilization 
with straw return or pig manure) (Jiao et al., 
2007). Thus, SOM accumulation may also 
have benefits for P retention in agricultural 
soils, as P is generally deficient worldwide.

The question of whether N2O emission 
would be increased with increase of soil N is 
still poorly understood. Although N2O emis-
sions from croplands are dependent on soil 
moisture regimes rather than solely on soil 
N contents, the emission factor of N2O from 
N fertilizers is generally smaller in soils high 
in SOM as compared to those low in SOM. 
In our database of soil GHG emissions from 
China’s croplands, an increase in N2O emis-
sion from croplands with increasing SOM 
contents was not visible, nor of CH4 (Figs 27.3 
and 27.4). This indicates that soil C seques-
tration with SOM accumulation would not 
necessarily lead to increased GHG emissions, 
a concern voiced by Schlesinger (2010) and 
Powlson et al. (2011). This finding also sug-
gests possible changes in soil (micro-)bio-
chemical processes with SOM accumulation 
in croplands.
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R2 = 0.7287

S
oi

l t
ot

al
 N

 (
g 

kg
–1

)

Soil organic mattter content (g kg–1)

2.5

2

1

0.5

1.5

0
0 5 10 15 20

Fig. 27.2. Correlation of soil total N with organic matter content in plots from ten provincial high-yielding 
demonstration farms in Jiangsu in 1992. (Data collected from farm archives, unpublished.)
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Healthy microbial communities  
and ecosystem functioning with SOM 

accumulation

A healthy ecosystem can be characterized 
by low levels of pollutants and reduced 
GHG emissions, especially in relation to 
the C intensity of agricultural production. 
The control of SOM on metal mobility, 

particularly of Cd, has been well addressed 
in experiments and modelling (Sauve, 1999; 
Jansen et al., 2001). The effect of SOM on 
organic pollutants has been investigated 
less frequently in field soils. In the same long- 
term experiment as reported by Pan (2009), 
the contents of soil polycyclic aromatic hy-
drocarbons (PAHs) were significantly lower 
in plots receiving organic amendments of 
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straw and manure than those receiving 
chemical fertilizers only (Han et al., 2009). 
A further study which carried out a labora-
tory incubation with topsoil samples from 
different fertilized plots, revealed an en-
hanced degradation of spiked pyrene from 
the soil with organic amendments, which 
showed a significant linear correlation 
with both SOM content and soil microbial 
abundance (Han et  al., 2009). Another 
study by Wang et  al. (2009) reported re-
duced extractability of soil PAHS with in-
creasing SOM content for the same experi-
ment. This is the first strong indication 
that SOM accumulation in soils helps to 
build up a healthy ecosystem.

Over the past decade, an increasing 
amount of evidence has been gathered to 
suggest that SOC sequestration can lead to 
a healthy soil microbial community. With 
SOC increase, enhanced microbial abun-
dance and gene diversity were observed under 
combined organic/inorganic fertilization in 
a rice paddy (Zhang et al., 2004). One of our 
recent studies on the changes in microbial 
 activity with rice cultivation in sediment- 
derived wetland soils from the Yangtze River 
Valley demonstrated an enhancement of the 

soil microbial community and diversity, 
 together with an increase in soil enzyme 
 activity with an increase in SOM levels in 
the rice paddy soils (Huang et al., 2006). It 
could be the case that SOC  accumulation en-
hances soil productivity through the build- 
up of an active and healthy soil microbial 
community in rice paddies.

Changes in soil respiration, and in turn 
efflux of CO2 (and CH4 in rice paddies), with 
SOM accumulation have been widely ar-
gued (Zheng et al., 2007, 2008). A healthy 
soil may have high microbial abundance 
but not necessarily high  respiration rates, 
especially the respiration intensity of SOM. 
In a case study by Zheng et al. (2006), in a 
situation of SOC accumulation under good 
fertilization, the metabolic quotient of the 
soil microbial community and the respiratory 
quotient of SOC were both reduced, while 
total soil CO2 evolution was higher. In many 
field studies, the correlation coefficient of soil 
respiration with SOC content in rice soils 
without N being limiting was generally low. 
Instead, soil respiratory activity and respired 
CO2 flux were often shown to be lower in 
plots rich in SOC under a well-designed fertil-
izer scheme when compared with relatively 
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SOC-poor plots under long-term agroeco-
system experiments (Williams et al., 2007). 
Decreases in soil respiratory activity with 
increase in SOC have been observed in dry 
croplands under organic fertilization in 
comparison with those under non-organic 
amendments (Meng et al., 2005; Yin and Cai, 
2006). An integrated field study using a 
number of long-term experiments from rice 
paddies in south China demonstrated an in-
creasing dominance of the fungal over the 
bacterial community with increasing SOC 
accumulation. This in turn supports a re-
duction both in soil respiratory quotient and 
microbial metabolic quotient under good 
agro-management (Liu et al., 2011). A labora-
tory incubation study of methane production 
from rice paddies differentiating in SOC con-
tents also characterized a reduction in C in-
tensity from methane emission in rice paddy 
containing high SOC under combined or-
ganic/inorganic fertilization. This is further 
proven by another study with enhanced 
 diversity of methanotrophs, which is respon-
sible for methane exhaustion in rice paddies 
(Zheng et al., 2008). A soil fauna study by 
Xiang et  al. (2006) documented an en-
hanced size of the soil fauna community 
and enhanced diversity, especially those of 
soil earthworms, thus favouring soil aggre-
gation and nutrient accumulation (Wang 
et  al., 2009) in a long-term experiment site 
from the Tai Lake region, China.

A new insight into SOC sequestration 
and GHG emission was that a total global 
warming potential calculated from all the 
GHG fluxes in a plot continuously receiving 
compound fertilizers seemed smaller than 
from the one receiving the chemical fertilizer 
only (Li et  al., 2009a,b; Liu et  al., 2009). 
Some studies have shown that the net C sink 
can be 1.5–3 times more under a combined 
organic/inorganic fertilizer regime than that 
under chemical fertilization in rice paddies 
from Jiangxi and Jiangsu, China (Li et  al., 
2009a,b). A similar study indicated that there 
was a higher net C sink (by 1.1- to 1.7-fold) 
under organic amendments compared to under 
chemical fertilization only (Peng et al., 2009).

In addition, as mentioned above, in-
crease in N efficiency could help to decrease 

fertilizer-induced C emission per unit of rice 
production, in turn resulting in a higher net 
C sink (Li et al., 2009a,b). And this has also 
been true for the rice paddy in a site of 
Jiangxi where a higher rate of SOC seques-
tration has been observed (Li et al., 2010). 
Thus, SOC sequestration in croplands, par-
ticularly in rice paddies, would offer mul-
tiple win–win effects for crop productivity 
and mitigation of GHG emission, as well as 
ecosystem health in agriculture, so ensuring 
food security and sustainability of agricul-
ture for China (Pan and Zhao, 2005).

Benefits for soil chemical buffering

In a recent study of soil acidity changes over 
1985–2006 in croplands of soil-monitoring 
sites over China, the extent of soil pH 
change was shown to be largely dependent 
on SOM level (Fig. 27.5). Thus, the role of 
SOM accumulation in buffering chemical 
processes of croplands is clearly demon-
strated. However, this has been poorly as-
sessed in soil or geosciences research.

Conclusion

In conclusion, increase in SOM content 
would lead to an increase in soil’s capacity 
to act in an integrated and interactive manner 
for cropland productivity and ecosystem 
health. In the case of China, accumulation 
of SOM may have a number of benefits for 
agricultural production and nutrient use 
and in sustaining a good quality of agroen-
vironment. We hypothesized that input of 
OM to soil might progressively lead to a 
build-up of soil aggregates with diverse 
soil microhabitats, a healthy soil microbial 
community with greater fungal dominance 
and higher diversity for ecological re-
dundancy. In this way, functional entity is 
developed with mutual interaction of 
 mineral, chemical, biological and ecological 
forces. Therein, soil processes and func-
tioning could be magnified to enhance soil 
capacity for nutrient, moisture and biotic 
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conservation. Nevertheless, soil activity 
with the accumulation of SOM in the top-
soil would not be a linear response to the 
content of SOM but an interaction of SOM 
with the soil attributes. Finally, soil crop 
productivity and ecosystem functioning can 
be harmonized to ensure sustainability.
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Abstract
Soil organic carbon (SOC) content in Indian soils has been reported as low, which is in tune with the 
fact that nearly 60% of the area in India represents the typical tropical climate, which does not permit 
SOC accumulation. Recent evaluation with the help of more soil and site data, model approaches and 
long-term fertilizer experiments (LTFEs) show an increasing trend of SOC, as detailed in this chapter 
through different case studies in two important food growing zones of India, namely the Indo- Gangetic 
Plains (IGP) and the black soil region (BSR). The study shows the evaluation of Century, RothC and 
InfoCrop models in LTFEs with contrasting bioclimate in the IGP and the BSR. The Century model 
experience necessitates the modification of crop information to suit the tropical conditions found in 
India. The RothC output has been found to be useful to arrive at the threshold limit of the mean annual 
rainfall as an indicator of organic carbon storage in soil. The InfoCrop cotton model in the BSR indi-
cated that the interaction of increased temperature and CO2 concentration had a compensatory effect 
on crop yield. A methane emission study on Indian agricultural soils has been computed as 
2.54 Tg C-CH4 year–1 and constitutes 0.23% of global warming. However, although an increase of SOC 
has been found in IGP and BSR soils, even in arid and semi-arid environments, the status of soil inor-
ganic carbon will require attention by planners and resource managers in view of soil degradation.
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Introduction

The restoration of soil health through soil 
organic carbon (SOC) management is a major 
concern for tropical soils. Barring its im-
portance for sustainable crop production, 
the accelerated decomposition of SOC due 
to agriculture, resulting in loss of carbon to the 
atmosphere and its contribution to the green-
house effect, is a serious global problem. 
The contribution of SOC for improving soil 
physical, chemical and biological properties, 

and thus maintaining its health in order to 
sustain crop productivity, has been well 
known since the dawn of human civiliza-
tion. Important factors controlling SOC 
status include climate (especially rainfall 
and temperature), hydrology, parent material, 
soil fertility, biological activity, vegetation and 
land use. SOC is sensitive to human activ-
ities such as deforestation, biomass burning, 
land-use changes and environmental pollu-
tion. It is estimated that land-use change 
 results in the transfer of 1–2 Pg C year–1 from 

mailto:tapas11156@yahoo.com


 Assessment of Organic Carbon Status in Indian Soils 329

the terrestrial ecosystem to the atmosphere, 
of which 15–17% C is contributed by the de-
composition of SOC (Houghton and Hackler, 
1994). It is important to note that organic 
matter (OM) preferentially accumulates in 
submerged rice systems, which store rela-
tively more SOC as compared to  their up-
land cropping system (Sahrawat et al., 2005).

To sustain the quality and productivity 
of soils, information on SOC in terms of its 
amount and quality is essential. In recent 
years, global warming has created aware-
ness on the role of C cycling in agroeco-
systems in storing atmospheric C in Indian 
soils. The first comprehensive study on 
SOC status in Indian soils was conducted 
by Jenny and Raychaudhuri (1960), fol-
lowed by an estimation of soil organic C 
stock of 24.3 Pg by Gupta and Rao (1994), 
which was later revised by Bhattacharyya et al. 
(2008) (Table 28.1). The total C stock in In-
dian soils is low, as compared to tropical 
regions and the rest of the world (Table 28.2). 
Comprehensive research efforts on SOC in 
Indian soils have provided interesting infor-
mation. For brevity, a few case studies from 
the two important food-growing zones of 
the country, namely the Indo-Gangetic Plains 
(IGP) and the black soil region (BSR), are 
discussed here.

Dynamics of SOM in India’s  
Croplands over the Past  

Two Decades

Reduced productivity of the rice–wheat 
(R/W) system in the IGP has been linked 
with declining SOM (Bhandari et al., 2002). 
The earlier report on declining productivity 
in Haryana and Punjab by Sinha et al. (1998) 
hinted at a decrease in SOC from 0.5% in 
the 1960s to 0.2% in 1998 in major R/W 
 regions of the Indian IGP. A key question 
being raised often is whether the R/W sys-
tem of the IGP is sustainable in terms of soil 
health, with SOC as the key soil quality par-
ameter. As compared to the IGP, the BSR has 
been experiencing less intensive agriculture, 
as is evidenced by relatively less potassium (K) 
stock in the IGP due to excessive mining 

(Bhattacharyya et al., 2007a). Besides, the 
high annual temperature in the central, west-
ern and the peninsular region of the country, 
representing the BSR, does not permit SOC 
build-up either (Bhattacharyya et al., 2000).

Depletion of SOM in croplands  
in history of agricultural  

development of India

The IGP, with about 13% geographical cover-
age in India, produces nearly 50% of the 
food grains for 40% of the total population of 
India. However, recent reports of the land 
use and soils of the IGP indicate a general 
decline in soil fertility (Bhandari et al., 
2002). Soils that earlier rarely showed any 
nutrient deficiency symptoms are now de-
ficient in many nutritional elements. Long- 
term soil fertility studies have shown a re-
duction in soil organic matter content, as 
well as in the other essential nutrients that 
had higher levels of nutritional elements in 
the earlier years (Abrol and Gupta, 1998; 
Bhandari et al., 2002). The biological activ-
ity of soils has declined gradually, resulting 
in the reduced efficiency of the inputs ap-
plied (Abrol and Gupta, 1998). As a conse-
quence, parts of the IGP have an aridic envir-
onment at present (Eswaran and van den 
Berg, 1992). The sustainability ratings of 
some soils of the IGP for the R/W system in-
dicate many soil constraints, including low 
SOC (Bhattacharyya et al., 2004). It is in this 
context that the soils of the IGP of the In-
dian subcontinent require focused  attention.

The BSR, constituting nearly 74.6  million 
hectares (Mha) in area, is known for low 
average SOC content (Bhattacharyya et al., 
2008); however, the occurrence of high- 
quality brown forest soils (mollisols), with 
nearly 3–5% SOC, is not rare (Bhattacharyya 
et al., 2006a). The current arid and semi- 
arid environment prevailing in central and 
southern peninsular India, representing the 
major BSR, has been ascribed to the global 
warming phenomenon (Eswaran and van den 
Berg, 1992). This has been indicated as the 
causative factor for the low SOC level in the 
shrink–swell soils of India (Bhattacharyya 
et al., 2000).
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Table 28.1. Soil carbon stocks in different bioclimatic systems in India. (From Bhattacharyya et al., 2008.)

Bioclimatic systemsa

Area SOC SIC TC Pg Mha−1

Coverage (Mha) TGA (%) Stock Pg
Per cent of  
total SOC Stock Pg

Per cent of  
total SIC Stock Pg

Per cent of  
total TC SOC SIC

Arid cold 15.2 4.6 0.6 6 0.7 17 2.7 20 0.0192 0.0327
Arid hot 36.8 11.2 0.4 4 1.0 25
Semi-arid 116.4 35.4 2.9 30 1.9 47 4.8 35 0.0249 0.0163
Subhumid 105 31.9 2.5 26 0.3 8 2.8 20 0.0238 0.0029
Humid to per humid 34.9 10.6 2.1 21 0.04 1 2.14 15 0.0602 0.0011
Coastal 20.4 6.2 1.3 13 0.07 2 1.37 10 0.0637 0.0034

aRanges in rainfall: arid = <550 mm; semi-arid = 550–1000 mm; subhumid = 1000–1500 mm; humid to per humid = 1200–3200 mm; coastal = 900–3000 mm. SOC, soil organic 
carbon; SIC, soil inorganic carbon; TC, total carbon; TGA, total geographical area.
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The increasing trend of soil organic 
matter over the past two  

decades in India

Recent studies on SOC over a long period 
indicate an increasing trend in both the 
IGP (Benbi and Brar, 2009) and the BSR 
(Bhattacharyya et al., 2007b). The evalu-
ation of large soil test data for 25 years 
(1981/82 to 2005/06) has shown improve-
ment in the SOC status under intensive 
agriculture in Punjab. On average, the SOC 
increased by 38% for the whole Punjab, 
from 2.9 g kg–1 in 1981/82 to 4 g kg–1 in 
2005/06. The increase in SOC content was 
significantly related to the increase in R/W 
performance. This increase was linear, 
from 5.9 t ha–1 in 1981/82 to 8.1 t ha–1 in 
1999/2000. The increased productivity of 
R/W has resulted in an increased seques-
tration of carbon in the plough layer by 
0.8 t C ha–1 of increased grain production 
(Benbi and Brar, 2009). The All India Co-
ordinated Research Project (AICRP) on 
long-term fertilizer experiments (LTFEs) 
showed that SOC contents were improved 
over years under the recommended level 
of fertilizer application (Biswas and Benbi, 
1997; Manna et al., 2006; Singh and 
 Wanjari, 2009). The increased sequestra-
tion of C in the R/W system under inten-
sive agriculture is due to improved crop 
productivity, greater turnover of biomass 
(both above ground and below ground), 
greater transport of carbon into roots (rhizo-
sphere) and reduced organic matter decom-
position under anaerobic wetland rice. 

An increase in carbon stocks in soils under 
continuous wetland rice has also been 
reported (Bronson et al., 1998; Sahrawat 
et  al., 2005; Kukal and Rehana-Rasool 
 Benbi, 2008). A Global Environment Facil-
ity (GEF) financed project on the assessment 
of SOC stocks and the change at the na-
tional scale in four countries including 
India (Milne et al., 2006) indicated an in-
crease in the SOC stock in the IGP by about 
4.5% from 1990 to 2000, as per the Century 
model, due mainly to the increase in prod-
uctivity in rice-based systems (Bhattacharyya 
et al., 2007c). SOC stocks in 2030 are 
predicted to decline to the level of 1990 
in the wake of presumed land management 
changes in near elimination of the fallow- 
rice system and doubling of the area under 
triple-cropped rotations. An Intergovern-
mental Panel on Climate Change (IPCC) 
model showed essentially no change in 
SOC stocks from 1990 to 2030. Studies 
 carried out under the Global Environment 
Facility Soil Organic Carbon (GEFSOC) 
project and the National Agricultural Tech-
nology Project (NATP) on SOC for the IGP 
and BSR regions have further strength-
ened the viewpoint that there is an im-
provement in the SOC of soils under the ex-
isting agricultural management practice 
(Tables 28.3 and 28.4). Continuation of the 
same cropping pattern, therefore, rings no 
alarm bells on the drop of SOC levels in the 
IGP and the BSR in the near future,  although 
the increase in CaCO

3 in soils will remain a 
concern (Bhattacharyya et al., 2007b).

Benefits of SOC for Crop Production 
and Agroecosystem Functioning

SOC and its influence has been studied by 
different models, namely Century, RothC 
and InfoCrop, with the help of different 
LTFEs. Many long-term fertilizer experi-
mental data sets have been documented for 
the IGP and the BSR (Bhattacharyya et al., 
2007c, 2011, 2012). Besides, soil survey 
data sets have also been used to find out 
the benefits of SOC in different land-use 
systems.

Table 28.2. Carbon stocks in the Indo-Gangetic 
Plains, India, and other parts of the world (values 
in Pg).

Region

Soil depth (m)

0–0.3 0–1.5

IGP, Indiaa 0.63 2.00
Indiab 9.77 29.97
Tropical Regionsc 201–213 616–640
Worldc 684–724 2376–2456d

aBhattacharyya et al., 2004; bBhattacharyya et al., 2008; 
cBatjes, 1996; dfor 0–2.0 m soil depth.
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Table 28.3. Changes in carbon stock over years in selected benchmark spots in the Indo-Gangetic Plains, India (0–150 cm). (From Bhattacharyya et al., 2007b.)

Bioclimatic  
systems Soil series

SOC stock (Tg 100,000 ha–1)
SOC change over  

1980 stock (%)

SIC stock (Tg 100,000 ha–1)a

SIC change over 
1980 stock (%)1980 2005 1980 2005

Semi-arid Phaguwala 3.36 5.48 63 13.10 26.14 99
Ghabdan 2.63 7.04 167 18.95 7.71 –59
Zarifa Viran 4.13 5.38 30 22.36 16.98 –24
Fatehpur 1.11 5.50 395 0 58.13 100
Sakit 4.05 8.55 111 51.03 5.37 –89
Dhadde 4.47 5.84 31 0 10.15 100

Subhumid Bhanra 1.81 5.34 197 0 0.58 100
Jagjitpur 2.52 8.76 248 2.52 8.86 251
Haldi 8.55 6.28 –26 0 2.84 100

Humid Hanrgram 6.93 11.02 59 0 3.68 100
Madhpur 3.99 4.97 25 4.03 15.98 296
Sasanga 5.25 8.42 61 0.88 4.45 405

aSIC indicates contribution of CaCO3 in soils.
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Table 28.4. Changes in carbon stock over years in selected benchmark spots of the black soil region, India (0–150 cm). (From Bhattacharyya et al., 2007b.)

Bioclimatic  
systems Soil series

SOC stock (Tg 100,000 ha–1)
SOC change 
over 1980 (%)

SIC stock (Tg 100,000 ha–1)a

SIC change over  
1980 (%)1980 2005 1980 2005

Arid Sokhda 11.19 9.20 –18 23.63 60.92 158
Semi-arid Asra 6.29 13.59 116 2.00 2.00 0

Teligi 7.41 15.20 105 21.01 29.60 41
Semla 15.78 13.28 –16 73.82 46.11 –37
Vijaypura 7.70 7.70 0 0 0 0
Kaukuntla 4.71 10.25 118 0 12.52 100
Patancheru 8.39 16.72 101 0 11.78 100

Subhumid Kheri 5.62 10.51 87 8.32 9.71 17
Linga 9.66 12.92 34 15.41 21.66 40

aSIC indicates contribution of CaCO3 in soils.
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Identifying systems for organic C  
sequestration

SOC, SIC (soil inorganic carbon) and TC 
(total carbon) stocks were estimated while 
identifying systems for carbon sequestration 
in the semi-arid tropics (SAT) in India. The 
database generated was used to identify sys-
tems keeping in view the fact that effective 
carbon management can help not only in 
building the SOC stock to a level of 10.5 Pg, 
from their existing level of 2.5 Pg, but also in 
reducing the SIC stock to the tune of 1.9 Pg, 
much to the benefit of growing plants in 
terms of the better physical and chemical 
environment of soils (Bhattacharyya et al., 
2006b). In SAT, benchmark spots of agricul-
ture and horticulture were identified as suit-
able management under two distinctly dif-
ferent conditions (Fig. 28.1). The minimum 
threshold limit of SOC is 0.63% (0–30 cm 
soil depth), which is associated with a max-
imum threshold value of bulk density (BD) 
(1.6 Mg m–3). These threshold limits were 
 arrived at since they (of SOC and BD) corres-
pond to approximately 10 Pg SOC stock in 
India (0–30 cm soil depth) (Bhattacharyya 
et al., 2000). These minimum SOC and max-
imum BD values correspond to an average 
value of 1.19% SIC. The minimum thresh-
old value of SOC may, therefore, increase 
SIC and BD effecting poor soil drainage. 

The  maximum threshold limit of SOC is 
2.42%, which corresponds to a minimum 
threshold limit of BD (1.22 Mg m–3). This is 
the maximum SOC obtained in the forest 
ecosystem in SAT, India.

Century model experience

LTFE data sets were used to evaluate the 
performance of the Century ecosystem model 
in contrasting ecoregions of India, viz.  Mohanpur 
(humid) and Akola (semi-arid), with a mean 
annual rainfall of 1619 mm and 793 mm, re-
spectively. At the humid site, the modelled 
data simulated the measured data reason-
ably well for all the treatments, with control 
and treatments with fertilizer alone and in 
combination with organic inputs. Century 
modelled changes in SOC more success-
fully at Mohanpur than at Akola. The SOC 
levels were low to start with at Mohanpur 
and gradually showed an increasing trend 
when external inputs (fertilizers and ma-
nures) were added. Century closely predicted 
the SOC levels measured at Mohanpur for 
all the treatments. In Akola, measured SOC 
exhibited a sharp increase when both inor-
ganics and organics were added in combin-
ation or organics applied separately. At the 
semi-arid site, Century performed well for 
the early years and less well during the end 

Conditions

Minimum threshold of SOC (0.63%)
Maximum threshold of BD (1.6 Mg m–3)

Maximum threshold of SOC (2.42%)
Minimum threshold of BD (1.22 Mg m–3)

Corresponds to ~10 Pg SOC stock in 0–30 cm soil
depth in India 

Fig. 28.1. Conditions of identifying systems for organic carbon sequestration in soils of SAT, India. 
(From Bhattacharyya et al., 2006b.)
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of the experiment. The comparison be-
tween the reported and the modelled yield 
for the three crops (rice, wheat and sorghum) 
showed a reasonably good correlation (r = 0.8) 
(Bhattacharyya et  al., 2010). Earlier experi-
ence of evaluation of the Century model in 
the IGP showed overestimation by Century 
at the humid site (Bhattacharyya et al., 
2007c). More recently, Milne et al. (2008) 
suggested that Century might be less suited 
to estimate the carbon dynamics of soils 
under rice flooded every year. In contrast, 
in the present study at Mohanpur, flooded 
rice (flooded for 6 months over a period of 
19 years of experimentation) yielded a good 
Century output from the humid bioclimatic 
system. It appears that further development 
of the Century model is needed to improve 
its performance when modelling carbon 
 return to the soil under extremely clayey 
soils (>50% clay), as in the BSR (Akola). 
The crop files obtained along with the 
 Century model were modified to suit the 
tropical conditions (Table 28.5). In general, 
Century appeared to simulate crop yield 
reasonably well for all the crops (Fig. 28.2). 
With the proper relationships, Century 
simulation of measured yields is a gauge of 
the model’s performance in replicating the 
actual crop residue returns of  carbon and 
nitrogen to the soil and in replicating crop–
water relations.

RothC model experience

RothC could simulate changes in total or-
ganic C (TOC) in two contrasting ecosites. 
Observed trends in TOC consist of an in-
crease in the subhumid sites, while manures 
alone or in combination increase TOC ap-
preciably in arid and semi-arid sites. TOC 
remained, however, almost similar over 
years for the control (no fertilizer or manure) 
and nitrogen, phosphorus and potassium 
(NPK) treatments in all the four sites. In the 
subhumid site, TOC increased marginally 
when a less than recommended dose of fer-
tilizer was added. The addition of a higher 
dose of fertilizer and manure brought a rapid 
increase in TOC. The addition of fertilizer 
only did not increase TOC but increased the 

crop yield, while the application of fertil-
izers in combination with organic materials 
brought an increase in TOC as well as in 
crop yield. Usually, the harvesting of annual 
crops is done from almost ground level. 
Grain and straw are both used, although for 
different purposes. Stubble is removed be-
fore sowing the next crop. This gives very 
little scope of returning the biomass back to 
the soil. This happens in cases when higher 
fertilizer is added: yield increased but SOC 
did not change much. This is in contrast to 
the treatments where organic amendments 
are applied along with inorganics. The ma-
nures, since they are mixed with the soil, 
help to increase the SOC content. This model 
has been found useful as a tool to arrive at 
different threshold values of rainfall, which 
influence the decomposition rate modifier 
and also the rate of organic carbon sequestra-
tion in various bioclimatic systems (Fig. 28.3). 
The rate modifier for the moisture sum grad-
ually decreases from a subhumid moist to an 
arid bioclimatic system, with a clear distinc-
tion at Sarol, Akola and Zarifa Viran. Vari-
ous other details of these sites vis-à-vis the 
rate modifiers indicate that rainfall of nearly 
850, 550 and 500 mm during the wet months 
appears to be the three threshold limits 
in these five bioclimatic systems in decid-
ing the rate modifier for the moisture sum. 
This means that below these wet months’ 
rainfall, the organic carbon turnover rate 
will be reduced, causing less organic carbon 
storage in soils. While explaining inorganic 
 carbon sequestration and its consequences 
on soil sodicity, a threshold limit of 850 mm 
mean annual rainfall (MAR) was reported 
( Bhattacharyya et al., 2000, 2004), below 
which the soils became more calcareous, 
 alkaline and sodic. RothC model output can 
thus help to find the threshold limits of 
the  climatic parameters that influence SOC 
decomposition and its content, which can 
serve as a good indicator for soil quality and 
health. The model showed that the addition 
of fertilizers only should maintain the TOC 
level in soils. To increase the level of or-
ganic carbon sequestration for posterity, the 
addition of organics along with fertilizers 
may be recommended. Recent findings on 
the effects of organics on shrink–swell soils 
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Table 28.5. Crop files modified in the Century model for the Indo-Gangetic Plains (IGP) and the black soil 
region (BSR), India. (From Bhattacharyya et al., 2010.)

Rice

Abbreviation IGPRMa IGPRMb RICLc

Description Rice monsoon Rice monsoon Lowland rice
Sowing time June–July June–July –
Duration (months) 5 5 5
Irrigation Rain fed Rain fed Rain fed
PPDF (2)d 45 42 45

Wheat

Abbreviation IGPWEa IGPWEMe WW3Sc BSRWf

Description Irrigated wheat  
eastern IGP

Irrigated wheat  
eastern IGP  
(Mohanpur)

Soft winter wheat  
high harvest 
index

Irrigated wheat 
black soil  
region

Sowing time 3rd week December November November
Duration (months) 4–5 6 6 5
Irrigation 4–5 6 – 5
PRDX (1)g 300 325 450 475
PPDF (1)h 30 18 18 18
PPDF (2)d 35 35 33 40

Sorghum

Abbreviation BSRSf SORGc

Description Sorghum black  
soil region

Grain sorghum

Sowing time June June–July
Duration (months) 4
Irrigation –
PRDX (1)g 375 680
PPDF (1)h 30 30
PPDF (2)d 45 45

aPlease see Table 3 in Bhattacharyya et al., 2007c; bmodified for rice in this study; coriginal crop file Century; dPPDF (2): 
maximum temperature for production for parameterization of Poisson density function curve to simulate temperature effect 
on growth; emodified for this study for IGP (Mohanpur); although wheat is grown during late December in eastern part of 
the IGP, the present experiment (our study area of Mohanpur) reports wheat sowing during November; fmodified for the 
study of the BSR (Akola); gPRDX (1): potential aboveground monthly production for crops (g C m–2); hPPDF (1): optimum 
temperature for production for parameterization of a Poisson density function curve to simulate temperature effect on growth.

(vertisols) indicate an increase in the active 
pool of organic carbon (Chivhane and Bhat-
tacharyya, 2010). Although such pools may 
not influence crop yield immediately, in the 
course of time crop yield and soil health 
will be bettered by such practice. Among 
organic manures, farmyard manure and 
wheat straw was, by far, the best combin-
ation for the maximum influence on  organic 
carbon sequestration. The other  options are 
cow dung slurry and urban compost and 
farmyard manure. Earlier, Guo et al. (2006) 
reported RothC to simulate changes in the 

SOC accurately across a wide area of nor-
thern China. They indicated that manures 
applied at an appropriate rate were more 
effective in increasing and maintaining SOC 
than fertilizers, which, in turn, were more 
effective in increasing crop yield.

InfoCropmodel studies

The validated InfoCrop cotton model was 
tested for its sensitivity to atmospheric CO2 
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Fig. 28.2. Modelled versus measured yield from the Century model for two long-term fertilizer experiments 
in India. (From Bhattacharyya et al., 2010.)

Rate modifier for moisture sum 5.79 5.73 5.06 5.2 4.80 4.82 4.33

MAR (mm) 1209 1160 1053 794 664 6105 505

Clay (%) 522 565 627 5019 1945 2748 5774

Rainfall in wet months (mm) 922 846 804 541 491 496 214
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Fig. 28.3. Schematic diagram showing the decomposition rate modifiers in different long-term fertilizer 
experiments. The LTFE spots of Akola, Holambi and Zarifa Viran are shown for comparison to find the 
threshold limits for rainfall, but are not discussed in this paper (Bhattacharyya et al., 2011). MAR, mean 
annual rainfall.

and temperature in four different scenarios 
of climate change. The effect of change in 
temperature and CO2 was studied in rainfed 
cotton for a gradual increase in CO2 (369, 
543 and 789 ppm) and temperature (0, 1, 2, 3, 
4 and 5°C) during the entire crop growth 
period ( Bhattacharyya et al., 2012). Wea-
ther and agronomic management practices, 
which influence crop growth and yield, vary 

considerably in different parts of India. The 
simulation  results indicate that increased 
temperature has a pronounced negative ef-
fect on cotton crop yields. Across all four 
selected places, the simulated potential 
yield of cotton decreased with an increase 
in temperature. The decrease in potential 
yield varied from 13 to 32% against a tem-
perature increase of 3°C, and varied from 
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21 to 40% against a temperature increase 
of 5°C. In the case of simulated water-limited 
yields, the decrease varied from 10 to 36% 
against a temperature increase of 3°C and 
from 16 to 43% against a temperature in-
crease of 5°C. In all four places, Nagpur in 
central India experienced a higher de-
crease in potential yields of 32 and 40%, as 
well as in water-limited yields of 36 and 
43% against a temperature increase of 3°C 
and 5°C, respectively. Increased CO2 con-
centration has a positive effect on cotton 
crop yields (Figs 28.4 and 28.5). When 
the CO2 concentration increased from 
369 ppm to 543 ppm, the increase in po-
tential and water-limited yields was in the 
range of 4–8% and 9–16%, respectively. 
If the CO2 concentration increased from 
369 ppm to 789 ppm, the increase in po-
tential yields varied from 7 to 11% and 
from 12 to 24% in water-limited yields. 
The utilization of increased CO2 concen-
tration was relatively better in the case of 
water-limited yields, due to soil moisture 
consideration. In the simulated potential 

yields, soil moisture is not considered. It was 
observed that the interaction of increased 
temperature and increased CO2 concentra-
tion had a compensatory effect on cotton 
yields, resulting in a smaller reduction in 
potential yield and a non-significant re-
duction in water- limited yield.

Methane Production in Submerged 
and Paddy Soils

Rice crop area and livestock population are 
the two major sources of CH4 emissions 
from the agriculture sector. India is a major 
rice growing country, with a very diverse 
growing environment. There are several 
studies on the estimation of methane emis-
sion from rice fields using various methods 
(Table 28.6). Methane Campaign 1991 (MC-
1991) reported an annual methane emission 
of 4.0 ± 2.0 Tg (1 Tg = 1012 g) for Indian 
paddy soils. A state-wise study, conducted 
in 1994, indicated a methane emission of 
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Fig. 28.4. InfoCrop model output showing simulated potential yield of cotton crop in Akola, India. (From 
Bhatttacharyya et al., 2012.)
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4.09 ± 1.19 Tg year–1 at the national level, 
and the trend from 1979 to 2006 was in the 
range of 3.62 ± 1.0 to 4.09 ± 1.19 Tg year–1 
(Gupta et al., 2009). Bhatia et al. (2012) 
 reported the simulated methane emission 

(using the InfoCrop model) from 42.21 Mha 
of rice cultivation as 2.07 Tg year–1, which 
was very much similar to the estimate ob-
tained by Matthews et al. (2000) using  Methane 
Emission from Rice Ecosystem (MERES). 

Table 28.6. Annual CH4 emission estimates from rice fields in India. (From Bhatia et al., 2012, with 
permission from Wiley.)

Reference
Estimate

(Tg CH4 year –1) Methodology used

Ahuja (1991) 37.5 Extrapolated from studies in the USA and Europe to the 
rice growing regions in India

Cao et al. (1996) 14.4 MEM
Matthews et al. (2000) 2.1 MERES simulation model
Yan et al. (2003) 5.9 Region-specific emission factors
Bhatia et al. (2004) 2.9 IPCC methodology and measured CH4 emission 

coefficients
Pathak et al. (2005) 1.5 DNDC model
Gupta et al. (2009) 4.1 State specific CH4 emission coefficients and IPCC 

approach
Bhatia et al. (2012) 2.1 Validated InfoCrop model

MEM, methane emission model; MERES, methane emission from rice ecosystem; IPCC, Intergovernmental Panel on 
Climate Change; DNDC, denitrification decomposition.
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The reported emissions due to enteric 
fermenta  tion and rice cultivation were 
6.59 Tg C-CH4 year–1 and 3.07 Tg C-CH4  year–1, 
respectively (NATCOM, 2004). The aver-
age emission coefficient derived from all 
categories weighted for the Indian rice 
crop was 74.05 ± 43.28 kg ha–1 (Manjunath 
et al., 2011). The total mean emission from 
the rice lands of India was computed as 
2.54 Tg C-CH4 year–1. Methane from Indian 
agricultural soils is only 0.23% of the global 
warming caused by the world’s CO2 emis-
sion (Bhatia et al., 2004).

General Observations

Out of the two important food-growing 
 regions, the IGP has contributed largely to 
high levels of crop production compared 
to the BSR. It was observed that during 
the  post-Green Revolution era, cropping 
 intensity in the dominant states of the IGP 
increased from 137% (1976/77) to  158% 
(1999/2000). During the same period, the 
BSR remained less intensively cultivated, 
with an increase in cropping intensity from 
111% to 123%. Despite this difference, 
SOC stock of both the soils has increased 
from 1980 to 2005. However, the increase 
was more in the IGP than in the BSR. This 
was due to more biomass turnover to the 
soils, as evidenced from the increased SOC 
in the fertilized areas of a long-term experi-
ment (30 years) in the IGP. In addition, an 
exercise through the GEFSOC modelling 
system also projected an increase in SOC 
stock using the LTFE data sets of the IGP. 
SOC stocks in the BSR indicated an in-
crease, albeit more in the double-cropped 
areas and also in areas where green ma-
nuring was practised, indicating that the 
prevailing agricultural land uses helped 
in sequestering more organic carbon in soils 
of both these regions. The mechanisms in-
volved in preferential accumulation of or-
ganic matter in wetland soils under paddy 
may be ascribed mainly to anaerobiosis 
and the associated chemical and biochem-
ical changes that take place in submerged 
soils. It has recently been reported that 

the SIC:nitrogen ratio is relatively narrow 
in lowland rice–rice systems, which indi-
cates that the pedo environment in rice soils 
keeps the deteriorating effect of CaCO3 for-
mation and the concomitant  sodicity at 
bay. Pedogenic CaCO3 formation has been 
linked with the development of soil sodici-
ty. This sodicity causes chemical soil deg-
radation, indicating poor content of SOC. 
Pan et al. (1997)  indicated that both SOC 
and SIC were equally important for C trans-
fer and potential CO2 sequestration. They 
found a negative correlation between SOC 
and SIC in arid ecoregions of China. It is 
now known that, with the  adversity of the 
climate, there will be depletion of organic 
carbon and C will be  sequestered as CaCO3 
in the soils (Pan and Guo, 2000; Bhattacha-
ryya et al., 2004). Despite this, the system 
of intensive agriculture in the IGP and the 
BSR has increased the SOC stock. In spite 
of the  formation of CaCO3 in the soils, the 
SOC increase suggests that the prevailing 
agricultural land uses have been able to 
 enhance or maintain the level of organic 
carbon in the soils of these two food pro-
duction zones of the country. Despite the 
fact that the increase in CaCO3 is a bane 
for farmers, the increase in SOC has al-
ways been possible due to the adoption 
of suggested management interventions, 
even in arid and semi-arid environments. 
However, the rise in CaCO3 (Tables 28.3 
and 28.4) warrants a fine- tuning of the 
existing management interventions. Until 
then, the status of  inorganic C in soils 
will remain a warning signal for  potential 
soil degradation ( Bhattacharyya et  al., 
2007b).
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Abstract
Policy frameworks concerning soil carbon are rapidly evolving, both in Europe and at the global 
level. Within Europe, the Roadmap to Resource-Efficient Europe (RRE) (COM (2011) 571 final; EC, 
2011a), as well as the implementation of the Soil Thematic Strategy (COM (2012) 46 final; EC, 
2012c), highlight the relevance of soil organic carbon (SOC) and the need to reverse its decline in 
many parts of the European Union (EU). Integration of this concern into several related policies, 
such as the Common Agricultural Policy (CAP) or the Climate Change Policy in relation to the 
LULUCF (land use, land-use change and forestry) negotiation process, shows a potential for revert-
ing the current negative trends. The recognition that SOC played a crucial role in the current 
Multilateral Environmental Agreements negotiated in Rio de Janeiro (United Nations Framework 
Convention on Climate Change – UNFCCC; United Nations Convention on Biological Diversity – 
UNCBD; and United Nations Convention to Combat Desertification – UNCCD) was clearly identi-
fied in the recent Rio+20 Sustainable Development Conference. Soil, as an important global terres-
trial C pool, as well as a large biodiversity reservoir, is gaining attention within the UNFCCC and 
the UNCBD, while remaining a focus for the UNCCD, traditionally the global convention dealing 
with soil-related issues. The proposed Sustainable Development Goal of Zero Net Land and Soil 
Degradation paves the way towards a renewed global effort of soil protection and restoration ac-
tivities. The framework of the new Global Soil Partnership (GSP) of the Food and Agriculture Or-
ganization of the United Nations (FAO) will certainly contribute towards facilitating these recent 
developments.
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Introduction

Why soil organic carbon needs  
a policy framework

Soils are recognized after oceans as the se-
cond largest carbon (C) pool at the global 
scale. Globally, they contain c.2300 Gt of 

 organic carbon (OC) in the top 3 m (Batjes, 
1996; Jobbágy and Jackson, 2000; Stock-
mann et al., 2013). Estimates vary for differ-
ent soil depths: 1500 Gt of OC are estimates 
for the first metre and about 615 Gt of OC for 
the top 20 cm. The distribution of OC along the 
soil profile depends on plant production, depth, 
microbial activity and climatic conditions 
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(Jobbágy and Jackson, 2000; Guo and Gif-
ford, 2002). In turn, soils depend largely on 
the levels of SOC for delivering major eco-
system services and functions (Schmidt et al., 
2011). A soil rich in organic matter is a 
habitat for a rich biodiversity pool, a buffer 
for contaminants, a store of water and major 
nutrient elements for food and biomass pro-
duction and a regulator layer for gas ex-
changes with the atmosphere influencing 
the global greenhouse gases (GHGs) balance 
(Stockmann et al., 2013). Soils are a source 
of GHGs (CO2, CH4 and N2O), especially 
since the shift of attention from drylands to 
a more global approach to land degradation, 
usually interlinked with SOC depletion 
(FAO, 2004).

In June 2012, world leaders gathered at 
the United Nations Conference on Sustainable 
Development (Rio+20) to agree on a sustain-
able goal on land. The proposed Sustainable 
Development Goal of a ‘Zero Net Land and 
Soil Degradation World’ paves the way to-
wards a renewed global effort on land, soil 
protection and restoration activities, includ-
ing food security and poverty eradication. 
The goal needs to be achieved by 2030 and 
will require the commitment of both public 
and private sectors (Ashton, 2012).

UNFCCC (LULUCF sector)

Climate change negotiations have been fo-
cusing mainly on the reduction of GHG 
emissions, especially from industrial activ-
ities, but also from deforestation and forest 
degradation (IPCC, 2003). The recent shift 
to a more holistic approach towards ac-
counting for LULUCF has brought the issue 
of SOC and its possible role in the negoti-
ation process to the attention of policy 
makers. In 2011, at COP 17 of the UNFCCC 
in Durban, South Africa, two major decisions 
related to SOC were approved. First, Deci-
sion 2/CMP.7 has included the new activity, 
‘Wetland drainage and rewetting’ under 
Article 3.4. of the Kyoto Protocol, which en-
ables the rewetting of organic soils under all 
land-use categories (independent of whether 
associated activities – such as cropland man-
agement and grazing land management – have 

been chosen), as an activity accountable for 
reaching committed emission reductions. 
 Second, Decision 15/CMP.7 explicitly calls 
on parties to support developing countries 
in capacity-building activities for estab-
lishing the necessary expertise to estimate 
changes in carbon stock in soils. Indeed, one 
of the major concerns in including SOC in 
any global C accounting system has been 
the difficulty in the monitoring, reporting 
and verification (MRV) of SOC levels over 
relatively short periods, especially in coun-
tries lacking the necessary technology and 
knowledge.

The dynamics of OC in soils are complex 
and slow. Changes in concentration and 
stocks are therefore difficult to detect and 
understand. The spatial variability of soil 
properties, the effect of soil and vegetation 
management practices and general environ-
mental conditions are important factors to 
consider when designing a monitoring net-
work (Post et al., 2001; Goidts et al., 2009). 
In a simulation study, Saby et al. (2008) 
showed that a time interval of about 10 
years would enable the detection of large 
changes in SOC content in most European 
countries. The complex feasibility to assess 
and verify the effect of changes in OC has 
made the application of stringent verifica-
tion procedures difficult (Smith, 2004). Ef-
fective SOC monitoring is indeed a very 
costly and time-consuming activity. New 
emerging technologies, like spectral reflect-
ance methods and remote sensing, are still 
in the development phase and not yet fully 
operational (Brown et al., 2006; Stockmann 
et al., 2013). A more realistic approach is to 
base verification and accounting on the in-
direct assessment of SOC by monitoring 
land-use changes and applying robust SOC 
modelling techniques (Smith et al., 2005; 
Álvaro-Fuentes et al., 2009; van Wesemael 
et al., 2010). First results are promising, and 
may allow for consistent reporting of SOC at 
national and global scales. A supplement to 
the 2006 IPCC guidelines, drafted in 2013, 
is expected to provide major guidance in 
addressing specifically organic soils (drained, 
rewetted and wet, be it under forest, cropland, 
grassland, wetlands or whatever land-use 
category), and may be adopted at UNFCCC 
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COP 19. Together with the supplement to the 
2003 IPCC Good Practice Guidance, trans-
lating the decisions made by the UNFCCC, 
it will provide a new formal reference for 
future SOC accounting, if adopted at UNFCCC 
COP 19.

CBD

Many areas of the world host a richer bio-
diversity below ground than above ground 
in terms of abundance, numbers of species 
and functions of organisms. The dynamic 
equilibrium of SOC under unchanged land 
use is driven by the active soil biodiversity 
pool. For this reason, any disturbance of 
SOC levels immediately affects soil biota. In 
tropical latitudes, Midgley et al. (2010) 
demonstrated that high C levels corresponded 
to a high biodiversity system. However, no 
clear global relationship between soil bio-
diversity and C sequestration has yet been 
established. Given that many soil organisms 
remain unknown or unclassified, there is a 
possibility that a large unknown part of the 
soil biodiversity has already been irrevers-
ibly lost worldwide due to rapid SOC deple-
tion. Soil biota perform a wide variety of 
processes and functions, including organic 
matter decomposition, nutrient cycling, soil 
structure formation, pest regulation and bio-
remediation of contaminants. In turn, various 
ecosystem services such as food production, 
climate regulation and water provision bene-
fit from a rich soil biodiversity pool (Dominati 
et al., 2010; Pulleman et al., 2012). It is 
therefore fundamental to complete the full 
assessment of global soil biodiversity re-
sources as well as to implement an effective 
strategy for protecting endangered soil 
species. The CBD, as a contribution to the 
achievement of the Millennium Development 
goals, has already recognized the import-
ance of an Agricultural biological diversity1 
in the Fifth Meeting of the Conference of the 
Parties held in Kenya, Nairobi (COP5 Deci-
sion V/5) and has established in the Eighth 
Meeting held in Brazil, Curitiba the Inter-
national Initiative for the Conservation and 
Sustainable Use of Soil Biodiversity2 (COP8 
Decision VIII/23), coordinated by the FAO. 
The Global Soil Biodiversity Initiative,3 

launched in September 2011, should fur-
ther support the work of the FAO in this 
sense in order to develop a platform for pro-
moting soil biodiversity into environmental 
policy and sustainable land management 
for the protection and enhancement of eco-
system services.

UNCCD

The UNCCD was originally negotiated, in 
1994, to address land degradation in dry-
lands (arid, semi-arid and dry subhumid areas), 
especially in sub-Saharan Africa, one of the 
most vulnerable ecosystems (FAO, 2004). 
Only in recent years has the Convention been 
realigning its strategy towards addressing 
land degradation in other parts of the world 
too (10-Year Strategy of the UNCCD, 2008–
2018). The transition from a regional to-
wards a global focus was well reflected by 
the ratification of nearly all countries in the 
world, all aiming to reverse global land 
degradation trends. The SOC pool tends to 
decrease exponentially with temperature. 
Consequently, SOC content in drylands 
(usually smaller than 1%) is recognized as a 
parameter that reflects degradation and deser-
tification trends (Lal, 2000, 2002). However, 
despite the relevance of SOC in monitoring 
and assessing desertification, only little at-
tention has been given to this parameter in 
recent policy assessments. Including SOC 
as a relevant indicator within the regular 
reporting system of the UNCCD would cer-
tainly raise the attention to soils in the 
Convention negotiation process, and also 
allow for developing synergies with the CBD 
and UNFCCC. The potential for such syner-
gies has already been well recognized within 
the Millennium Ecosystem Assessment (Texi-
er, 2005).

Global Soil Partnership of the FAO

With their lengthy negotiation processes, 
binding multilateral environmental agree-
ments have shown their limits during the 
past 20 years. In the Rio+20 Sustainable De-
velopment Conference,4 a new approach to 
sustainability and environmental issues has 



346 L. Montanarella et al. 

been put forward, based on partnerships 
and ‘coalitions of the willing’. A large com-
munity of stakeholders and decision makers 
is in favour of more effective measures to 
protect natural resources for future gener-
ations, and is willing to form voluntary 
partnerships to move forward with more 
ambitious agendas.

A new initiative, a Global Soil Part-
nership5 (GSP), has been put forward by 
the FAO, with the strong support of the 
European Commission, to address the sus-
tainable management of global soil re-
sources and federate all stakeholders and 
parties that are willing to move on with 
effective soil protection measures. The 
partnership should establish a more effect-
ive science–policy interface, addressing 
policy-relevant scientific and technical 
issues related to soils (Montanarella and 
Vargas, 2012).

SOC is a key element of the GSP. Sus-
tainable soil management practices pro-
moted by the GSP will protect current SOC 
resources from further depletion and will 
allow for increased SOC levels in the long 
term. The GSP is in the beginning of its 
 implementation, following its official ap-
proval at the end of 2012 by the FAO Coun-
cil. The planned Intergovernmental Panel 
on Land and Soil (ITPS) will become the 
main scientific reference for future policy 
making in relation to soils and SOC man-
agement. Full implementation of the GSP, 
started in 2013, will hopefully lead to a 
new approach to soil protection at global 
and regional scales.

SOC in European Legislative  
Frameworks

SOC is a crosscutting issue entering many 
different EU policy frameworks. The EU 
counts for more than 70 billion t of OC in 
soils. For this reason, it is necessary to promote 
practices that favour maintaining or even in-
creasing SOM levels (SoCo, 2009). In Eur-
ope, we have observed a decline of organic 
matter levels and the need to reverse this 

negative trend is recognized (Rusco et al., 
2001; EC, 2006b).

The Soil Thematic Strategy  
(COM (2006) 231 final, COM (2006)  

232 and COM (2012) 46)

The Thematic Strategy for Soil Protection 
(COM (2006) 231 final; EC, 2006b) outlines 
the overall strategy concerning soils in the 
EU. The Thematic Strategy and its related 
proposal for an EU Soil Framework Direct-
ive (COM (2006) 232; EC, 2006a) have been 
reviewed recently by the European Com-
mission (COM (2012) 46; EC, 2012c). The 
Strategy states that soils are a non-renewable 
resource subject to a series of degradation 
processes or threats: erosion, decline in OM, 
local and diffuse contamination, sealing, 
compaction, decline in biodiversity, salin-
ization, landslides (EC, 2006a,b, 2012).

SOC management is at the core of the 
strategy to protect SOC as one of the main 
soil properties. The proposed Soil Frame-
work Directive calls for the delineation of 
areas in Europe threatened by SOC decline 
and for the establishment of appropriate 
measures to reverse the negative trend. Around 
45% of the soils in Europe have low or very 
low OC content (from 0 to 2%) and 45% 
have a medium content (from 2 to 6%). Sev-
eral factors are responsible for the decline in 
SOM, and many of them relate to human ac-
tivity (Van-Camp et al., 2004; Zdruli et al., 
2004). According to the report from the EEA 
(2010), these factors include conversion of 
grassland, forests and natural vegetation to 
arable land; deep ploughing of arable soils; 
drainage, liming, nitrogen (N) fertilizer use; 
and tillage of peat soils and unsustainable 
crop rotations without temporary grasslands. 
The directive is still in its discussion phase 
within the Council, with some EU Member 
States still voicing strong opposition to the 
proposed legislative framework. Neverthe-
less, the Soil Framework Directive is one of 
the elements of the EU Thematic Strategy 
that also includes the systematic integration 
of soil protection elements in other related EU 
legislative instruments, such as the Common 
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Agricultural Policy (CAP), the climate 
change policy (Adaptation Strategy, LULUCF 
Accounting), natural resource management 
(Roadmap for a Resource Efficient Europe 
(EC, 2011a)) and waste policy (Biowaste).

Common Agricultural Policy (CAP)

A substantial proportion of land in Europe 
is occupied by agriculture, and conse-
quently this sector plays a crucial role in 
natural resources protection. Adopting inef-
ficient and non-sustainable management 
practices, including land abandonment, has 
an adverse impact on natural resources. Ef-
ficient agricultural management can main-
tain the same rate in food production while 
having a positive effect on the state of soil. 
By adopting C sequestration practices, SOC 
concentration can be maintained and some-
times enhanced (Lal, 2006, 2011). Agricul-
tural production is very sensitive to climatic 
variations and its management needs to adapt 
accordingly in order to ensure sufficient food 
production.

The Common Agricultural Policy (CAP) 
is the agricultural and rural development 
policy of the EU concerned with ensuring 
sufficient food at reasonable and stable 
prices. Its main goal is to ensure food secur-
ity, but nowadays the CAP is designed to 
meet a wide range of needs, including the 
maintenance of farm incomes and good 
farming practices, enhancing food quality 
and promoting animal welfare. In particu-
lar, the interaction between agriculture and 
the environment is integrated by the con-
cept of sustainable agriculture. In this way, 
the management of agroecosystems ensures 
benefits also for the future. With respect to 
soil protection, the CAP contributes to pre-
venting and mitigating soil degradation in 
order to build up SOM, enhance soil bio-
diversity and reduce soil erosion, contamin-
ation and compaction. Due attention has 
been given to SOC in the definition of Good 
Agricultural and Environmental Conditions 
(GAEC), as referred to in Article 6 of Regula-
tion No 73/2009 establishing the rules for 
direct support scheme payments for farmers 

(EC, 2009). These GAEC criteria explicitly 
include a reference to the need to maintain 
OM levels through appropriate good agri-
cultural and environmental practices. Farm-
ers receiving direct support through the 
CAP need to comply with these GAECs 
(commonly referred to as Cross-compliance 
Scheme). Monitoring and verification of the 
impact of this scheme on European agricul-
tural soils has proven difficult, certainly 
with respect to organic soils, for which the 
proposed monitoring procedures are un-
suitable, as they focus on the topsoil layer 
only. New tools are needed for cost-effective 
SOC monitoring from the European to farm 
level (EC, 2011b, 2012a). The EC is actually 
preparing the ground for the new CAP to-
wards 2020. The new policy for the period 
2014–2020 wants to assure: viable food pro-
duction, sustainable management of natural 
resources and climate action, and a balanced 
territorial development. The last Communi-
cation on the CAP towards 2020 remarks 
how farming practices could limit soil de-
pletion, water shortages, pollution, C losses 
and loss of biodiversity.

Roadmap to resource-efficient  
Europe (COM (2011) 571 final)

The Resource Efficiency Roadmap is part of 
the Resource Efficiency Flagship of the Europe 
2020 Strategy (EC, 2011a). The Roadmap aims 
to set out a framework for the design and 
implementation of future actions in resource 
efficiency. It also outlines the structural and 
technological changes in the EU’s economy 
needed by 2050, including sustainability 
milestones to be reached by 2020. It propos-
es ways to increase resource productivity, to 
decouple economic growth from resource 
use and its environmental impact, and it in-
vestigates how policies interrelate and build 
on each other. Areas where policy action 
can make a real difference are of particular 
focus, and specific bottlenecks, like incon-
sistencies in policy and market failures, are 
tackled to ensure that policies are all going 
in the same direction. The framework for 
actions comprehends many policy areas, 
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such as climate change, energy, transport, 
industry, raw materials, agriculture, fisher-
ies, biodiversity and regional development. 
The soil and land related milestone indi-
cates that by 2020 EU policies must take 
into account their direct and indirect im-
pact on land use in the EU and globally and 
that the rate of land take is on track with the 
aim to achieve zero net land take by 2050, 
soil erosion is reduced and soil organic mat-
ter increased, with remedial work on con-
taminated sites well under way (EC, 2011a).

The European environment – state  
and outlook 2010 (EEA, 2010)

In 2010, the European Environment Agency 
(EEA) published a report on the state of the 
European Environment, outlining the influ-
ence of climate on European land. As regards 
the EU-27 and other industrialized countries, 
the EEA declared that GHG emission cuts of 
25–40% by 2020 and 80–95% by 2050 were 
needed. The main sources of GHG emissions 
globally are the burning of fossil fuels for 
electricity generation, transport, industry and 
households – which together account for 
about two-thirds of total global emissions. 
Other sources include deforestation – which 
contributes about one-fifth – agriculture, 
land-filling of waste and the use of industrial 
fluorinated gases. The projected impacts of 
climate change are expected to vary consider-
ably across Europe, with pronounced events 
expected in the Mediterranean basin, north- 
western Europe, the Arctic and mountainous 
regions. Regarding soil ecosystems, informa-
tion on the impacts of climate change is very 
limited, but changes will likely be due to pro-
jected rising temperatures, changing precipi-
tation intensity and frequency and more se-
vere droughts. Such changes can lead to a 
decline in SOM content and an increase in 
CO2 emissions (EEA, 2010).

The main messages from the EEA 2010 
State of Environment Report concerning 
SOC were:

	•	 State	 of	 soil	 organic	 carbon	 levels:	
around 45% of the mineral soils in 
 Europe have low or very low OC con-

tent (0–2%), and 45% have a medium 
content (2–6%) (Rusco et al., 2001). 
The problem exists in particular in the 
southern countries of Europe, where 
74% of the land is covered by soils that 
have less than 2% of OC in the topsoil 
(0–30 cm) (Zdruli et al., 2004). However, 
low levels of OM are not restricted to 
southern Europe, as they are also ob-
served in France, the UK, Germany, 
Norway and Belgium.

	•	 There	is	growing	realization	of	the	role	
of soil, in particular peat, as a store of C 
and its role in managing terrestrial 
fluxes of atmospheric CO2.

	•	 Other	than	in	tropical	ecosystems,	soil	
contains about twice as much OC as 
aboveground vegetation. SOC stocks in 
the EU-27 are estimated to be around 
75 billion t, of which about 50% is in 
Sweden, Finland and the UK because 
of their large areas of peatlands and for-
est soils (EC, 2008b).

	•	 Peat	soils	represent	the	highest	concen-
tration of organic matter in all soils. 
Peatlands are currently under threat 
from unsustainable practices such as 
drainage, clearance for agriculture, fires 
and extraction.

The European peatlands are estimated to 
cover about 52 Mha (Joosten and Clarke, 
2002; Joosten, 2009), of which about 31 
Mha occur in the northern latitudes (EC, 
2008b). The total C storage of European 
peatlands is estimated at 42 billion t, ac-
counting for 10–15% of the C stock in nor-
thern peatlands and about 20% of the Euro-
pean SOC stock (Aertsens et al., 2013). 
Almost one-third of European peatlands are 
in Finland, and more than one-quarter are in 
Sweden. The remainder are in Poland, the 
UK, Norway, Germany, Ireland, Estonia, Lat-
via, the Netherlands and France. Small areas 
of peat and peat-topped soils also occur in 
Lithuania, Hungary, Denmark and the Czech 
Republic (Montanarella et al., 2006). There 
has been an estimated loss of 50% of wet-
lands globally since 1900, due mainly to 
 intensive management (EEA, 2010). There 
is no harmonized exhaustive inventory of 
peat stocks in Europe; for example, in the 
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CLIMSOIL report it is estimated that more 
than 65,000 km2 or 20% of all peatlands 
have been drained for agriculture, almost 
90,000 km2 or 28% for forestry and 2273 km2 
or 0.7% for peat extraction.

The lack of availability of reliable data 
on the area of peat soils in agricultural use 
and whether it is grassland or arable land is 
caused primarily by land-use changes and 
degradation of peat soils that have turned 
into mineral soils following oxidation of the 
peat (EC, 2008b). The large amount of C 
stored in peatland justifies a prominent 
place of this specific landform in the Euro-
pean climate change debate. The result is 
that the most effective option to manage soil 
C is to preserve the existing rich stocks of 
OM in peat soils. Peatlands degradation and 
drainage, due to climate change and land 
management, has become a relevant con-
cern because of the deleterious effects on 
this specific ecosystem and the associated 
GHG release (CO2, N2O and CH4).

Virgin peatlands, called mires, accumu-
late atmospheric C and N2O, but emit CH4 
(Jandl et al., 2011). The extensive intact 
European mires are still functioning as 
sinks for C. For this reason, a main goal for 
Europe is to monitor these organic soils and 
plan their effective protection. The difficul-
ties are mainly in collecting data on land 
use in peatlands, and particularly on their 
drainage status for forestry and agriculture. 
The debate about the temperature sensitiv-
ity of SOC decomposition should be broad-
ened specifically to include peatlands. Be-
cause of their high sensitivity to temperature 
changes, during the next few decades these 
lands may mobilize large stocks of C. For 
this reason, high research priority should be 

given to decomposition constraints in these 
environments and their feedbacks with cli-
mate (Davidson and Janssens, 2006).

Conclusions

Policymakers recognize SOC as relevant for 
several policy areas: climate change, agri-
culture, environmental protection, waste 
management, biodiversity, energy, etc. There 
is no single framework addressing SOC at 
the global or regional scale. Existing multi-
lateral environmental agreements (MEAs) 
address SOC from different perspectives. 
There is clear need for a more coordinated 
and coherent approach to SOC management 
and related policies. The recently proposed 
GSP by the FAO has the potential to allow 
for voluntary coordination on SOC manage-
ment at the global scale. Nevertheless, with-
out proper financial incentives, it will be 
difficult to implement an effective SOC 
management policy at the local scale. 
Within the EU, there could be scope for the 
introduction of an  effective incentive sys-
tem, but it will require a reliable monitor-
ing, verification and reporting system at the 
farm level. Given the current cost associated 
with  effective SOC measurements in situ, it 
may be difficult to implement such a system 
at the continental scale. A more realistic ap-
proach could be to consider land-use 
changes and the related effects on SOC 
levels through a series of standardized con-
version factors, potentially derived locally 
from a network of benchmark sites. Some 
ongoing projects could lead in the long term 
to the establishment of such a network of 
reference sites for the European Union.

Notes

1http://unfccc.int/
2http://www.cbd.int
3http://www.unccd.int/
4http://www.cbd.int/decision/cop/?id = 7147
5http://www.cbd.int/decisions/cop/?m = cop-08
6http://www.globalsoilbiodiversity.org/
7http://www.uncsd2012.org/
8http://www.fao.org/globalsoilpartnership/home/en/

http://www.cbd.int
http://www.unccd.int/
http://www.cbd.int/decision/cop/?id
http://www.cbd.int/decisions/cop/?m
http://www.globalsoilbiodiversity.org/
http://www.uncsd2012.org/
http://www.fao.org/globalsoilpartnership/home/en/
http://unfccc.int/
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Abstract
As a developing country with limited arable land and a large population, governance of soil carbon in 
China has to face a dual challenge, where both maintaining a steady  increase in crop production for 
ensuring  adequate food supplies and addressing environmental problems raised by rapid industrial-
ization and agronomic development must be satisfied simultaneously. In this chapter, the possible ap-
proaches for soil carbon governance in China such as land management, agricultural management 
practice, forestry activity and pasture management and recovery of degraded land are reviewed, and 
the implementation of a soil testing and fertilizer recommendation project, a fertile soil project, con-
servation tillage and crop residue returning, as well as an ecological construction project for seques-
trating carbon in the soils of China is explored. Moreover, funding and technology limitation, notion 
and knowledge gap and policy challenge are also discussed in the chapter.

30 National Implementation  
Case Study: China

Yongcun Zhao*

*E-mail: yczhao@issas.ac.cn

Introduction

The terrene environment is the most 
 important living space for humans, and soils 
are at the core of terrestrial ecosystems. In ter-
restrial ecosystems, the soil carbon reservoir 
is nearly three times as large as carbon stor-
age for vegetation and twice as large as atmos-
pheric carbon storage. In addition, a slight 
change in soil carbon may affect the concen-
tration of greenhouse gases in the atmosphere, 
amplifying global change. Therefore, govern-
ance of carbon in soils is extremely important 
for mitigating global climate change.

So far, the most accurate estimate of 
soil organic carbon (SOC) storage for China 
is 89.14 Pg C (upper 1 m; Yu et al., 2007), 

 accounting for approximately 6% of global 
SOC storage (1500–1550 Pg C; Jobbagy and 
Jackson, 2000; Lal, 2004). As a developing 
country with limited arable land and a large 
population, however, rational governance 
of soil carbon for China is extremely important, 
because the dual challenge of maintaining a 
steady increase in crop production for ensuring 
adequate food supplies and addressing envir-
onmental problems raised by rapid industrial-
ization and agronomic development must be 
satisfied simultaneously. This chapter reviews 
the possible approaches for soil carbon gov-
ernance in China and the current national ac-
tion and policy for soil carbon governance, 
and discusses the difficulties and challenges 
for soil carbon sequestration in China.

mailto:yczhao@issas.ac.cn
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Approaches for Soil Carbon  
Governance in China

Land use and land cover

Land-use/land-cover change is a critical 
factor affecting the storage of carbon in ter-
restrial ecosystems. Transformation from 
natural woodland, meadow and wetland 
to cropland may cause soil carbon losses, 
while conversion of cropland to vegetable 
fields in China sequestrates SOC due to 
the high inputs of fertilizer and manure in 
vegetable fields (Zhang et al., 2006, 2007; 
Kong et al., 2006). In China, vegetable fields 
covered only 2.8% of the arable land in 1978, 
whereas this figure increased to 16.4% in 
2007, according to the China Statistical 
Yearbook (2008) (National Bureau of Stat-
istics of China, 2008). This increase has 
turned into an important driving factor af-
fecting the sequestration of SOC (Liu et al., 
2012). Conversion of uplands to paddy 
fields can also increase soil carbon content. 
For example, the acreage of paddy fields in 
the Jiangsu Province of China increased by 
1.73 million ha (Mha) from 1949 to 1998, 
and 17 Tg C was sequestrated in soils (Pan 
et al., 2003).

Agricultural management practice

Conservation tillage, fertilization and water 
management and the optimization of crop-
ping systems are major approaches for se-
questrating carbon in cropland soils of China. 
Conservation tillage is a tillage system that 
reduces loss of soil or water relative to con-
ventional tillage (Mannering and Fenster, 
1983), and it is usually a combination of re-
duced tillage, no tillage and straw mulching. 
Utilizing the DNDC model (denitrification–
decomposition model; for additional infor-
mation on the DNDC model, please refer to Li 
et al., 1994), the carbon sequestration po-
tential (years 2009–2050, with 2008 as the 
baseline) for China’s paddy soils is estimated at 
239 Tg C under the condition of reduced 
tillage and 415 Tg C with no tillage, 437 Tg C 
with a crop residue return rate of 50%, 

91 Tg C with a farmyard manure incorpor-
ation rate of 200% and 465 Tg C with a 
crop residue return rate of 30% combined 
with reduced tillage (Xu et al., 2011). 
Moreover, fertilization and water manage-
ment and the optimization of rotation and 
cropping systems have also often been 
used jointly with the conservation tillage 
technique, which may amend the soil’s 
physical properties, reduce possible soil ero-
sion and thereby improve soil fertility and 
SOC content.

Forestry activity and pasture  
management

Forestry activities such as forestation, re-
forestation, restoration of degraded eco-
systems and establishment of agroforestry 
ecosystems are the most effective ap-
proaches to increase carbon sequestration 
in the vegetation and soils in China 
(Zhang et al., 2005). The percentages of 
forest cover in China increased from 
16.55% in 1998 to 18.21% in 2003 (State 
Forestry Administration of China, 2005), 
which largely benefited the accumula-
tion of carbon in forestry soils. Moreover, 
the rapid restoration of the shrub-covered 
area also made important contributions to 
soil carbon sequestration (Huang et al., 
2010). Fenced-in grazing (the pasture is 
fenced into many subpastures during graz-
ing, each grazed for a short period and then 
given adequate rest periods for regrowth), 
artificial planting of grass, returning farm-
land to grassland, fertilization, irrigation 
and grazing management are the main 
methods for carbon sequestration in pas-
ture soils. In Inner Mongolia, Tibet and 
Xinjiang (China), SOC storage can be in-
creased by 4561 Tg C through reducing graz-
ing pressure, on the assumption that all 
degraded grassland (55% grassland in the 
area) can be fully recovered, and, utilizing 
similar methods, the annual sequestration 
rate of SOC under the condition of artifi-
cial planting of grass,  returning farmland 
to grassland and fenced-in grazing can be 
estimated at 25.6, 1.5 and 12.0 Tg C year–1, 
respectively (Guo et al., 2008).
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Recovery of degraded land

Vegetation recovery is still the most effect-
ive and feasible method for enhancing the 
carbon sequestration potential of degraded 
land in China (Peng et al., 2005). Prelimin-
ary estimates by Lin et al. (2005) showed 
that the annual sequestration rate of soil car-
bon through erosion control could achieve 
313 Tg C year–1 in China, and the restoration 
of degraded land and the control of desertifi-
cation could reach 1.8 Tg C year–1. Moreover, 
with the expectation of agricultural carbon 
trading and compensation mechanisms, the 
application of carbon capture and biochar 
techniques in agriculture also seems eco-
nomical and feasible.

Current National Action and Policy  
for Soil Carbon Governance

Soil testing and fertilizer recommendation 
(STFR) project

The STFR project initiated by the Ministry 
of Agriculture of China (MOA) aims at im-
proving the soil organic matter (SOM) con-
tent in China’s croplands through a rational 
formula of fertilizer, deep fertilization in-
stead of surface fertilization and the joint 
use of organic fertilizer and chemical fertil-
izer. The STFR project was started in 2005, 
and the ‘Technical specification of balanced 
fertilization by soil testing’ (NY/T 1118-
2006) was distributed in 2006 (MOA, 2006) 
for guiding and normalizing the STFR pro-
ject that was implemented in each county. 
A total of 2498 counties (all agricultural 
counties in China) were covered by the STFR 
project until the end of 2009, and over 90% 
of grain crops in the counties were grown 
using the STFR technology. Unsuitable 
levels of fertilization have been decreased 
by 3,000,000 t and the efficiency of fertilizer 
use has increased by 3% due to the imple-
mentation of the STFR project over the past 
5 years (MOA, 2009). The STFR project also 
largely benefited the sequestration of carbon 
in agricultural soils through the improve-
ment of SOM content and the reduction of 

N2O emissions caused by excessive fertil-
ization (Huang, 2006).

The fertile soil (FS) project

Until the 1950s, agriculture in China de-
pended mainly on organic fertilizer to pro-
vide nutrients. The FS project (2003–2007) 
proposed by the MOA is a soil fertility pro-
ject that aims at ensuring the security of 
 national food supply through the increase 
of organic fertilizer application, improve-
ment of fertilizer use efficiency, soil amelior-
ation and the prevention of soil degradation 
in basic farmland protection and demon-
stration areas of China. Balanced fertiliza-
tion, comprehensive utilization of organic 
fertilizer and soil fertility improvement are 
the main agricultural extension technolo-
gies that are used in the project (Lin et al., 
2005). The SOM content was increased 
largely through the implementation of the 
FS project, because of the increase in or-
ganic fertilizer input (annual increasing rate 
for organic fertilizer input is 5% and for 
areas with crop residue returning it is 10%), 
the improvement of organic fertilizer qual-
ity and the extension of the above-mentioned 
soil fertility improvement technology (Lin 
et al., 2005).

Conservation tillage (ConsT) and crop 
residue returning (CR)

The long-term use of ConsT practices 
would be beneficial to improve SOC con-
tent and soil fertility. Experimental re-
search and extension of ConsT in China 
was started in 1960s (Wang et al., 2006). 
The promotion of ConsT in dry farmland 
demonstration areas has been extended by 
the MOA since 2002. A total of 167 ConsT 
demonstration counties in 15 provinces of 
northern China had been set up by the 
central government and 262 demonstra-
tion counties had been set up by the pro-
vincial government by the end of 2006 
(MOA, 2007). The total area of ConsT dem-
onstration and extension is as large as 
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1,360,000 ha. There are around 67 Mha of 
dry farmland in China suitable for using 
ConsT technology. The ConsT-covered 
area, however, is only about 1.36 Mha, ac-
counting for only 2% of ConsT-suitable 
area. In April 2007, the MOA delivered an 
official report to promote the extension of 
ConsT technology. This plan will cover 
4 Mha of farmland for ConsT by the end of 
the Eleventh Five-Year Plan (MOA, 2007). 
Up to the end of 2008, China had set up 
226 national demonstration counties and 
365 provincial demonstration counties for 
ConsT. The implemented area of ConsT is 
3.33 Mha. ConsT technology was pushed 
further forward in 2012, when the central 
government spent 30 million Yuan to sup-
port the extension of ConsT in 204 coun-
ties of China and 300 million Yuan to 
support the establishment of the ConsT 
demonstration base in 80 additional coun-
ties (Department of Agricultural Mechan-
ization Management, MOA, 2012).

The implementation of CR in China 
was mainly started in the 1980s, and the 
CR-covered area was about 3.5 Mha by the 
end of 1999, with levels of CR in the field 
at around 3.5 t ha–1 (Huang et al., 2010). 
The implementation of CR through agricul-
tural machinery for primary crops such as 
wheat, maize and paddy rice is currently 
about 23.8 Mha, and this accounts for 
about 15% of the crop-sown area in China 
(Department of Science and Education, 
MOA, 2010).

Ecological construction (EC) project

The EC project of China officially origin-
ated from the ‘National Ecological Environ-
ment Construction Plan’ issued by the 
former State Planning Committee of China 
at the end of 1998 (Shen, 2007). A total of 
six subplans were included in the plan, 
which were nature conservation (ecosystem, 
wildlife and natural landscape),  afforestation, 
soil and water conservation, desertification 
control, grassland protection and ecological 
agriculture development. Subsequently, 
several EC projects, such as the Natural 
Forest Protection Programme (NFP), the 

‘Grain for Green’ Project (GGP, e.g. returning 
farmland to forest/ pasture) and fenced-in 
grazing were also proposed and imple-
mented in China. After the 6-year effort 
from 1999 to 2004, a total of 16.71 Mha of 
grain-planted area was returned successfully 
to forest/grassland, including 7.00  Mha of 
forest returned from cropland and 9.71 Mha 
of barren mountains used for grass growing 
(Wang and Chen, 2006). The desertification 
area decreased by 6416 km2, with an aver-
age  decrease rate of 1283 km2 year–1 (Shen, 
2007), and approximately 18% of the soil 
erosion area was also controlled (Lin et al., 
2005). Moreover, the policy to restrict and 
ban biomass cutting, and the six forestation 
projects (State Forestry Administration of 
China, 2005), also benefited the accumula-
tion of carbon in the vegetation and soils of 
China. The six forestation projects are: the 
NFP; the GGP; the Shelterbelts Project in 
northern, north-eastern and north-western 
China and in the Yangtze River basin; the 
desertification prevention and control 
around Beijing project; the national wild-
life conservation and nature reserve con-
struction project; and the fast-growing and 
high- yielding timber base construction pro-
gramme (State Forestry Administration of 
China, 2005).

The Difficulty and Challenge  
of Soil Carbon Sequestration  

in China

The carbon sequestration potential in the 
soils of China is large and promising, which 
may offset the emission of greenhouse gases 
to a certain extent, but China still has to face 
many difficulties and challenges in the gov-
ernance of soil carbon.

Funding and technology limitation

China, as a developing country, is still 
under conditions of traditional agricultural 
production. Although the extension and 
demonstration of the STFR, FS, ConsT, CR 
and EC projects have been implemented in 
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the country, funding and technology are 
still the predominant limiting factors. More-
over, the establishment of compensative 
mechanisms is also necessary for sequestrat-
ing carbon in soils, which may need a rapid 
and feasible assessment system so that a 
compensative strategy can be implemented 
and evaluated dynamically. To overcome 
these challenges, the Chinese government 
has taken a series of actions to respond to 
these issues. Biological carbon sequestra-
tion technologies and carbon sequestration 
projects have been incorporated into the 
Guidelines on National Medium- and Long- 
term Program for Science and Technology 
Development (2006–2020) (State Council of 
PR China, 2006), and several research pro-
jects at national level have also been started 
to solve carbon-related issues. These pro-
jects include, for example, the ‘Global cli-
mate change and ecological issue’ projects 
supported by the Chinese Academy of Sci-
ence (CAS) in 2009 (Ding et al., 2009), 
‘ Carbon sequestration function and poten-
tial in natural forest and grassland of China’ 
project supported by the Ministry of Sci-
ence and Technology of China in 2010 and 
the strategic priority research programme – 
 ‘Climate change: carbon budget and related 
issues’ – hosted by CAS in 2011 (Wang et al., 
2012). These research projects concen-
trate mainly on the evaluation of carbon 
 sequestration potential originated from 
forest, pasture, shrub, cropland manage-
ment, the EC project and the experiment 
on optimal configuration, integration and 
demonstration of current carbon seques-
tration technology. However, carbon se-
questration-related new technology, such 
as CO2 capture and storage, CR/ConsT 
 machinery, application of biochar and 
biological  inhibitors, crop breeding and 
selection and the development of controlled- 
release (CRF) and slow-release (SRF) fertil-
izers are still not perfect and need to be 
improved. This improvement may demand 
huge financial support or technical support 
imported from developed countries. For ex-
ample, the agricultural machinery used in 
the ConsT/CR is still the primary limiting 
factor for the adoption of these techniques 
in China.

Notion and knowledge gap

Chinese farmers usually prefer to pursue 
their traditional tillage methods as they 
think these are the most effective for high 
productivity. Traditional tillage, however, 
may deteriorate the physical properties and 
organic matter of agricultural soils, and 
make the soils subject to erosion. Consequently, 
soil fertility is decreased dramatically. 
Traditional tillage in China is essentially 
not suitable for establishing a sustainable 
development model of agriculture. There-
fore, the efforts for bridging the notion gaps 
between scientific research and farmers, 
administrators and policy makers are indis-
pensable. For example, most Chinese farm-
ers believe that the more the fertilizer input, 
the higher will be the crop yield. Conse-
quently, excessive chemical fertilizers and 
pesticides have often been applied, and the 
optimal balance between cost and benefit 
missed. Moreover, Chinese farmers rarely 
accept the recommendation of balanced 
 fertilizations, because the application of 
 organic fertilizer such as manure is now 
considered to be hard and time-consuming 
work. Therefore, the change of current fer-
tilization notions is still difficult, as long as 
there are no incentivizing policies. More-
over, during the extension of ConsT tech-
nology, extension staff should introduce 
effective tillage methods such as ridge-till, 
strip-till and mulch-till to farmers, and also 
the development of ConsT technology that 
is suitable for specific ecological environ-
ment conditions. Acceptance by Chinese 
farmers is also necessary because this could 
bridge the knowledge gaps between them 
and new technologies and practices.

Policy challenge

During the transition period from trad-
itional agriculture to low-carbon as well as 
cost- and resource-effective agriculture in 
China, the promotion and extension of car-
bon-sequestering agriculture are also con-
strained by the lack of sufficient policy 
support and encouragement. The uncertain-
ties in farmers’ income in the extension of 
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low-carbon agriculture are still the main 
obstacle. Therefore, encouraging, compen-
sative and income-guaranteed policies, such 
as free technological service, training and 
financial support, and a free/low-interest 
agriculture loan policy must be made the 
highest priority, so that the governance of 
soil carbon in China can be pushed forward 
persistently and effectively.
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Abstract
Avoidance of depletion of soil organic matter as part of land degradation and enhanced restoration in 
depleted soils are of direct importance to agriculture, ranching, forestry and other land uses, but are also 
a relevant part of national C accounting and the global C cycle. ‘Carbon markets’ imply economic, per-
formance-based incentives that relate global climate and greenhouse gas concerns, via national commit-
ments to reduce overall CO2 emissions, to incentives at the level of land users to increase net C storage. 
We focus on three groups of questions:

 1. What is the value chain involved? Can soil C be separated from aboveground land-use effects?
 2. Are market-based solutions feasible? What can we learn from the pilots?
 3. Will the prices be worth it for land managers once transaction costs are accounted for? Are there 
better ways to provide effective performance-based incentives from the public perspective?

We conclude that a combination of the commodification, compensation and co-investment versions of 
the broader payments or rewards for environmental services (ES) debate is probably needed to achieve 
the effects desired at both ends of the carbon value chain. Commodification, the purest market-based 
paradigm, by itself remains controversial and can be counterproductive. Synergy between private and 
public sectors is needed to make progress, while the primary attention will have to remain with the 
primary sources of anthropogenic carbon emissions.

31 Avoided Land Degradation  
and Enhanced Soil Carbon  

Storage: Is There a Role  
for Carbon Markets?

 Meine van Noordwijk*

*E-mail: m.vannoordwijk@cgiar.org

Introduction

The preceding chapters have established 
the many functions that soil organic matter 
(SOM) plays in soil health (Chapter 14, this 
volume), buffering of water and nutrient 
supply to plants (Chapters 7 and 12, this 
volume), soil aggregation and infiltration 
(Chapters 8 and 22, this volume), filtering of 
contaminants (Chapter 8, this volume) and 

in support of agricultural production sys-
tems that minimize environmental impacts 
per unit harvested product. Yet, in the short- 
term, agricultural practices that deplete 
SOM, for example through intensive tillage, 
utilization of all crop residues, drainage of 
wetland and peat soils, may appear to be 
profitable with the current prices of agricul-
tural inputs and outputs and in the absence 
of a direct market valuation of soil carbon 

mailto:m.vannoordwijk@cgiar.org
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(Chapters 15 and 18, this volume). There is 
thus a challenge of balancing the long-term 
on-farm benefits of enhancing SOM with 
short-term opportunity costs of foregoing 
more profitable, SOM-depleting practices. 
In economic analysis, this temporal trade-off 
depends on discount rates of future costs 
and benefits, and thus on security of tenure, 
risk preferences and farmers’ future out-
look. Discussions on this trade-off in terms 
of soil fertility go back at least 2000 years to 
the Roman books on agriculture by Marcus 
Porcius Cato and Marcus Terentius Varro 
(Winiwarter, 2000; even though soil organic 
matter and carbon were not known in cur-
rent terms, the terms used, calidus (hot) or 
frigidus (cold), as descriptors of  fertile and 
infertile soil were the same as  described from 
local ecological knowledge in South-east Asia, 
but with opposite meanings). The recent 
concern on increases in the greenhouse gas 
effect may, however have opened new ways 
to resolve this age-old issue by providing a 
basis for economic incentives to let the 
long-term farmer benefits of enhanced soil C 
storage coincide with the public interest in 
mitigating climate change.

The carbon content of SOM is relevant in 
the global C balance and in efforts to contain 
the rapid increase of atmospheric CO2 con-
centrations that contributes to global climate 
change (Chapters 9 and 20, this volume). The 
economic value of maintaining and enhan-
cing soil carbon derives from a comparison 
with other activities that increase or decrease 
atmospheric CO2 concentrations but are con-
strained by the institutional framework of 
rights and obligations that is formed to imple-
ment the ultimate objective of the UN Frame-
work Convention on Climate Change (UNFCC) 
(UN, 1992). This objective is to:

stabilize greenhouse gas concentrations in 
the atmosphere at a level that would prevent 
dangerous anthropogenic interference 
with the climate system. Such a level 
should be achieved within a time-frame 
sufficient to allow ecosystems to adapt 
naturally to climate change, to ensure that 
food production is not threatened and to 
enable economic development to proceed 
in a sustainable manner.

(UN, 1992)

In this chapter, we review to what extent 
‘markets’ can and already are linking the 
global significance of soil C storage to the 
land-use decisions that otherwise might opt 
for degradation of soil carbon. Soil C loss is 
related to between-categories changes in 
land cover (e.g. forest-to-agriculture conver-
sion), and to details of land management 
within a category. Any economic incentives 
for soil carbon management interacts with 
rights-based approaches to nudge the deci-
sions of land users in a direction desirable 
by external stakeholders, as well as with 
the direct economic benefits derived from 
land use. Incentives can target the primary 
actors (‘land users’, ‘farmers’), as well as the 
underlying drivers and conditioning factors 
(Fig. 31.1).

We will discuss the concept of mar-
kets in the broader context of economic in-
centives that can apply at multiple scales, 
linking plot-level land-use decisions by 
farmers and other land managers to global 
stakeholders. Markets essentially are feed-
back mechanisms that relate current and 
expected future supply and demand, and 
the elasticity of production and demand, 
to prices, perceived risk and transaction 
costs. Markets require buyers and sellers, 
and often involve brokers, as basic levels of 
trust are needed to link ‘pay-for-what-you-get’ 

Drivers

Actors

Land cover change
and soil management

SOC and environ-
mental services

ES 
markets

Direct benefits 
from land use

External
stakeholders

Public leverage on LU

planning and rights

Fig. 31.1. External stakeholders of soil carbon, 
beyond the on-farm effects of soil organic matter, 
can use rights-based approaches (land-use 
planning, access rights) and economic instruments 
(‘environmental service markets’) to influence 
decision making by the primary actors and/or the 
underlying drivers. (From van Noordwijk et al., 
2011.) LU, land use; ES, ecosystem services; SOC, 
soil organic carbon.
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and ‘get-what-you-pay-for’. The less directly 
visible the product quality is, the more 
trust and brokers play a role. Soil carbon is 
not directly visible, so we can expect trust 
and brokers to play a large role. We will 
structure this chapter  around the follow-
ing three groups of questions.

 1. What is the value chain involved? Can 
soil C be separated from aboveground land-
use (LU) effects?
 2. Are market-based solutions feasible? 
What can we learn from the pilots?
 3. Will the prices be worth it for land man-
agers once transaction costs are accounted 
for? Are there better ways to provide effect-
ive performance-based incentives from the 
public perspective?

We will interpret ‘markets’ as referring to 
two out of four paradigms that are recog-
nized in the broader payments or rewards 
for the environmental services (ES) debate 
(van Noordwijk et al., 2012a): (ia) commodi-
fication of ecosystem services (ES) as such; 
(ib) coupling ES to marketed commodities; 
(ii) compensation for opportunity costs of 
voluntary or mandatory LU  restrictions that 
enhance ES but reduce profitability; and 
(iii) co-investment in environmental stew-
ardship. In earlier discussions, (ia) and (ib) 
were jointly implied under commodifica-
tion (van Noordwijk and Leimona, 2010). 
Only the first paradigm is fully aligned with 
the payments for environmental services 
(PES) definition of Wunder (2005).

Q1: What Value Chain is Involved? 
Basics of Soil C Accounting

Before answering the market-related ques-
tions 2 and 3, a basic understanding is needed 
of the actors and multiple scales, and the 
many cross-scale interactions, involved in 
the value chain:

A. Global citizens, experiencing climate 
change, consuming goods derived from inter-
national trade and, through elections, deter-
mining the immediate political relevance of 

environmental issues and willingness to 
commit to serious overall emission reduc-
tion targets of the level needed to contain 
global climate change.
B. Sovereign states as negotiation and im-
plementation parties in the UNFCCC, balan-
cing economic growth and demographic 
and economic transitions with environmen-
tal concerns and voter satisfaction.
C. Subnational governments (provinces, 
districts), implementing national policies 
while meeting local ambitions for economic 
growth, social movements and environmen-
tal integrity.
D. Private sector meeting obligations for emis-
sion reduction in industrialized countries 
only, but increasingly held responsible for the 
global footprints of their value chains.
E. Concession holders (forestry, plantation 
agriculture, mining), managing large tracts 
of land for economic benefit within rules set 
by the government.
F. Farmers and other land users, deciding 
on land cover conversion and land manage-
ment affecting soil C storage.
G. Plants responding to land management 
by modified allocations to root and associ-
ated symbiont turnover and litterfall, and 
soil biota responding to management by 
modifying rates of decomposition and CO2 
release.

Combinations of the four ES reward para-
digms (ia, ib, ii and iii) across scales (be-
tween E/F and A) are possible and form an 
important part of the discourse, as has 
emerged at the interface of Integrated Con-
servation Development Projects (ICDPs) and 
efforts to Reduce Emissions from Deforest-
ation and Degradation (REDD) (Minang and 
van Noordwijk, 2013).

Within the UNFCCC, however, na-
tional borders have special significance for 
accounting rules of both area-based change 
in C stocks and trade-based use of fossil en-
ergy, fertilizers, cement and other elements 
of the national greenhouse gas (GHG) inven-
tories (IPCC, 2006). Such reporting, on a 
5-year cycle for developing countries, re-
quires different types of data to be com-
bined (Fig. 31.2) and has a major challenge 
in harmonizing operational definitions across 
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sectors. While there has been a tendency for 
‘voluntary market’ approaches to set up 
their own accounting rules that do not re-
late directly to national GHG inventories 
and reporting, harmonization will be essen-
tial for achieving the impacts at the scale re-
quired for the current actions to make sense 
(van Noordwijk et al., 2012b).

The same data sources plus yield data 
are needed for the footprint accounting of 
commodities in international trade, which 
are emerging as options to break the grid-
lock of country-based negotiations (Minang 
et al., 2010; Khasanah et al., 2011). While 
footprints have been quantified for average 
production conditions, recent interest in 
the swing potential or the variation in foot-
print within a realistic and plausible range 
of management practices (Davis et al., 2013) 
provides new perspectives. In the current 
global economy, consumers influence land-
use decisions through selective use of cross- 
border trade, through regulations and through 
‘green’ investment (Plate 15).

Can land use C storage effects  
be compared to fossil energy C  

emissions?

A long-standing debate relates to the issue of 
the timescale at which changes in terrestrial 
carbon stock can be compared to the return 
to the atmosphere of carbon captured in geo-
logical history of the planet and currently 
stored in fossil fuel (coal, oil, gas, peat). 
While return of such fossil carbon to the at-
mosphere is ‘permanent’, apart from its tem-
porary absorption by oceans and terrestrial 
systems, the reductions in current use leave 
economically attractive options in the 
hands of market players. This is similar to 
what happens when forests as terrestrial C 
stocks are protected from immediate pres-
sures. Somehow, however, the ‘permanence’ 
discussion has applied higher standards to 
avoided emissions of terrestrial C stocks than 
to avoided emissions of fossil fuel carbon 
(Swallow et al., 2007). In fact, neither of 
them is permanent at the timescale relevant 

Yields

Georeferenced plot-
level data on tree den-
sity (ha–1) by species
per diameter class

Satellite imagery interpreted for land 
cover change, with known accuracy and 
legend matching C data sets and activity 
data

Time-averaged C stock 
for ‘land-use system’ 
across its ‘cover’ stages

Tree databases:
• Use categories
• Wood density
• Allometrics

Management infor-
mation on land-use 
systems: life cycle, 
drainage, fertilization

Soil maps with 
major soil types ~ 
C stocks and C dy-
namics: peat, wet-
land, volcanic soils

Carbo-transfer 
functions

• Understorey
• Litter layer
• Macro necro-
mass

Pedo-transfer 
functions

• Soil depth
• Texture, pH
• Drainage
• Cref equation

• LU effects: Cref,LU

High-quality eco-
logical data and
five-pool studies

Emission estimates, by 
land-use change (de-/re-
forestation) and intra-
class stock change (degra-
dation/restoration) + 
recurrent emissions

Recurrent emis-
sions and below
ground C-stock 
change

Area-based 
accounting
(national, 
subnational 
or ‘project’ 
level)

Footprint 
accounting of 
commodities

Fig. 31.2. Data requirements for a national C stock accounting system compliant with IPCC (2006) 
standards and its derivatives for commodity footprints. (From van Noordwijk et al., 2012b.)
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to the climate change debate. The only op-
tion to achieve permanence is in the con-
tinuity and integrity of  national accounts 
and international commitments and ac-
countability – the track record of the latter is 
not very good, with the failure of the UN-
FCCC parties to agree on full implementa-
tion and a seamless sequel to the Kyoto 
Agreement (2008–2012).

Land-use change as part  
of total anthropogenic emissions

In terms of quantity, the current changes in 
terrestrial C stocks are dwarfed by fossil fuel 
emissions of CO2. Historically, anthropo-
genic land cover change is estimated to 
have released 156 petagrams (Pg) of C to 
the  atmosphere in the period 1850–2000, 
equivalent to 57% of fossil fuel emissions over 
the period (DeFries et al., 1999; Houghton, 
2003). Despite shifts in geographic focus 
(‘hotspots’), the net terrestrial C emissions 
have not changed much between the 1960s 
and now, at about 1.1 Pg C  year–1; in the 
1960s, this represented about 30% of total 
anthropogenic emissions, in the 1990s, 18% 
and in 2010, 9% of the total, due to the large 
increase of fossil fuel emission (Canadell 
et al., 2007; Le Quéré et al., 2009; Peters 
et al., 2012).

Changing above- plus belowground 
terrestrial C stocks from a net source to be-
come a net sink of atmospheric CO2 is an 
essential element of strategies to keep glo-
bal temperature rise below the +2°C thresh-
old, which is considered a boundary of the 
safe planetary operating space (Rockström 
et al., 2009), alongside shifts in energy use. 
Estimates of emissions from soil due to 
land-use change are, however, lacking or 
highly uncertain, while subnational and 
project-based emission reduction efforts 
face substantive measurement costs if they 
want to include soil C in the consider-
ations at required precision levels; costs of 
measurement that are generally not justi-
fied by the economic compensation for en-
hanced C storage (Cacho et al., 2008), 
except for the special cases where high 
emission rates can be avoided.

Peatland soils as hotspots  
of soil C emissions

Peat soils store more than half of the 
world’s soil carbon on less than 10% of 
the area, and land conversion on peat con-
tributes a disproportionately large fraction 
of total soil-based emissions (van Noord-
wijk et al., 2014). Peat soils, however, are 
more frequent in cool and subarctic cli-
mates, and in the tropics the equivalence 
of peat and mineral soils in terms of car-
bon stock is only true in the South-east 
Asia region, with Indonesia and Malaysia 
holding about 80% of global tropical peat-
land carbon. The high fluxes due to land 
use and land-use change on peat are asso-
ciated with high uncertainty; a recent effort 
to establish emission factors for tropical 
peatlands in the IPCC has failed to reach 
consensus. Peatlands are hotspots of con-
flict over access rights as well (Galudra 
et al., 2011).

Erosion and sedimentation  
as fractal dimension

The net contribution of belowground car-
bon losses to the total of terrestrial C losses 
is uncertain, as part of the on-site loss 
measured in agricultural lands has been 
due to erosion and lateral transport fol-
lowed by deposition elsewhere in the 
landscape, rather than direct release to the 
atmosphere (Paustian et al., 1997). Due to 
the lateral flow interactions, the net loss of 
soil + organic matter from any area has a 
fractal  dimension, with deposition taking 
a larger and larger share of the plot-level 
erosion values, the larger the area con-
sidered (van Noordwijk et al., 1998a; Ver-
bist et al., 2010). Incorporating the fate of 
deposited materials, van Oost et al. (2012) 
concluded that historical erosion in the 
landscape they studied had been at least 
neutral in terms of atmospheric CO

2 emis-
sions. These insights are yet to become 
mainstream in accounting, as critical data 
for deposition sites are not normally col-
lected.
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Topsoil only or land-use effects  
on deeper soil layers

Most of the data refer to changes in the top-
soil, which generally are more readily ob-
servable and where changes may occur 
more rapidly after land cover and land-use 
change. For the total soil–atmosphere flux, 
deeper soil layers may be at least as import-
ant (Nepstad et al., 2002), depending on the 
presence of deep-rooted trees that stay green 
in dry periods.

In a recent study in Sumatra, an area 
where deforestation has almost run its course 
over the past three decades, statistically 
significant differences in soil C stock with 
depth could only be ascertained for the top 
10 cm, once the depth data were corrected 
for the bulk density under the influence of 
land use (Fig. 31.3). The bulk density cor-
rection removed about half of the apparent 
difference in soil C stocks if only Corg data 
were available. Correction for differences in 
soil texture using the Cref equation of van 
Noordwijk et al. (1997) and Hairiah et al. 
(2011) helps in separating true land-use ef-
fects from the covariance of land use, positions 
in the landscape and the soil texture typical 

for these positions. An example is the rub-
ber agroforest that tends to occur close to 
rivers in soils with higher clay + silt content 
than the locations where natural forest is 
left in the landscape; higher Corg data for 
rubber agroforest relative to natural forest 
turn into lower Corg/Cref ratios once corrected 
for texture.

A change in the intensity and depth of 
soil tillage affects Corg distribution in the 
soil, rather than the total C stock, and initial 
claims that reduced tillage is a C storage op-
tion had to be reconsidered when data for 
the whole soil profile were included in the 
analysis. When assessed across nitrous oxide, 
CO2 and methane, there may still be positive 
effects (Ruan and Robertson, 2013).

Default estimates for land-use effects  
on soil C stocks

As part of the second IPCC review, Paustian 
et al. (1997) summarized known effects of 
land-use change on soil carbon across cli-
matic zones and soil types. Subsequent 
 literature has lead to some refinement. Don 
et al. (2011) in a global meta-analysis of 385 
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studies on land-use change in the tropics, 
expanding substantively from Guo and 
 Gifford (2002), found that the highest Corg 
losses were caused by conversion of primary 
forest into cropland (–25%) and perennial 
crops (–30%), but forest conversion into 
grassland also reduced Corg stocks by 12%. If 
it were a simple additive system, one might 
thus expect conversion of grasslands to per-
ennial crops to lead to a decrease of Corg by 
about 18%. The discrepancy may be due to 
the non-average starting points for the land-
use transitions measured. The time frame 
over which land-use effects are measured is 
unclear, and can be responsible for at least 
part of the discrepancies. Another  recent meta- 
analysis (Powers et al., 2011) focused on 
‘paired plot’ literature and found little con-
sistency in Corg change, with both ‘forest to 
grassland’ and ‘grassland to forest’ conver-
sions leading to statistically significant Corg 
gain; this may raise doubts on the selection 
bias in the results that get published. Both 
reviews confirm that complete data sets that 
combine soil bulk density and soil organic 
carbon are scarce, and that spatial extrapola-
tion is  affected by unbalanced representation 
of tropical soils. Bruun et al. (2009) exposed 
common misunderstandings in the role of 
swiddening in this respect.

These numbers provide a perspective 
on the possibility of soil C storage beyond 
peatlands to be a significant component of 
plans to reduce net anthropogenic C emis-
sions. Net effects can be a modest, but sig-
nificant, contribution to agreed emission 
reduction (which was a modest 5% for the 
first Kyoto commitment period), but only if 
the efforts and associated finance used to 
 invest in terrestrial C is ‘additional’.

Can soil C be separated from 
aboveground land-use effects?

The development of economic incentives 
for land use-related C stock change has so 
far focused on changes in tree cover, with 
rules focused on tree planting, deforestation 
and forest degradation, with some attention 
to peatlands as hotspots of belowground C 

stock change. The changes in aboveground 
C stock involved in deforestation can be of 
the order of 200 Mg C ha–1, while the man-
agement swing potential of soil C stocks in 
agriculturally managed soils is an order of 
magnitude smaller, around 20 Mg C  ha–1 
(Buysse et al., 2013), unless peat soils are 
involved. Given these orders of magnitude, 
it is unlikely that soil C attracts the atten-
tion of market-based mechanisms separate 
from changes in aboveground C stocks. If 
soil C protecting practices would reduce 
yields, the indirect negative effects of such 
land management on anthropogenic atmos-
pheric CO2 concentrations by increasing 
rates of forest-to-agriculture conversion can 
easily surpass the positive effects on local C 
storage. If the practices increase yields, it 
probably does not require support to be 
readily adopted.

A further distinction is usually made 
between ‘avoided degradation’ and ‘assisted 
restoration’, recognizing that changes in 
above- and belowground C storage tend to be 
in the same direction. Comparing above-
ground C storage transition curves (linked 
to forest and tree cover transitions) to the 
 dynamics of the belowground C storage 
in  (agro-)ecosystems, we expect a reduced 
‘management swing potential’, a more tem-
porally buffered dynamics and a time lag for 
the effects of tree cover change to impact on 
soil organic matter via root and associated 
symbiont turnover (van Noordwijk et al., 
1998b) (Fig. 31.4). The concept of manage-
ment swing potential was recently intro-
duced as the difference in footprint of the 
best and worst modes of production (Davis 
et al., 2013). There is empirical evidence of 
a recovery of soil carbon in intensive rice-
based cropping systems in East and South- 
east Asia that is not related to the use of 
trees but to an increase in the number of 
crops per year and associated increase in 
root biomass inputs to the soil (Minasny 
et al., 2011).

Offsets and additionality

Additionality is usually discussed on the 
supply side, with the burden of evidence on 
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C emission reduction proponents that the 
emission reduction claimed relative to a 
baseline or counterfactual is truly additional 
and would not have happened without their 
intervention. If the proposed activities are 
economically feasible, additionality argu-
ments have to involve investment or regula-
tory bottlenecks that their project will 
overcome but that otherwise prevent action. 
Proof of additionality is simpler for activities 
that are not economically feasible without 
intervention – but that raises questions on 
attractiveness and permanence. The obser-
vation of ‘spontaneous’ soil C recovery dis-
cussed above is both good and bad news 
from a C market perspective: it suggests that 
restoration is possible, but also that it may 
happen without specific targeting, as part 
of ecological intensification of land-use 
practices.

However, additionality in terms of 
total anthropogenic GHG emissions needs 
to involve the demand side as well. Off-
set markets that exchange ‘emission 
rights’ in the form of ‘carbon credits’ do 
not lead to net global emission reduction, 
unless they are directly associated with 
commitments to deeper overall cuts com-
pared to business-as-usual practice. Evi-
dence for this type of additionality in 
global climate negotiations is weak. Al-
though there have been, and still are, ex-
periments in ‘terrestrial carbon projects’ 
that target offset finance, it is unlikely, at 
the current state of negotiations, to con-
tribute substantively to global climate 

change mitigation. Where ‘new finance’ 
is used, however, net positive effects are 
feasible.

Q2: Are Market-based Solutions 
Feasible? What Can We Learn From 

The Pilots?

Certified emission reduction units  
as marketable commodities

The term ‘carbon market’ as commonly 
used is, in fact, a market for Certified Emis-
sion Reduction Units, where each word 
has a specific meaning; certified (by a legit-
imate, transparent and credible institution 
that can be trusted in its quality control); 
emission (of all major GHGs, specifically 
acknowledging the different dynamics of 
CO2, CH4 and N2O in their interactions 
with soil fertility and soil management, 
and the different accounting methods that 
apply to the different gases); reduction 
(relative to a prior agreed baseline of ‘emis-
sion rights’); unit (the different gases can 
be combined on a CO2 equivalent basis, but 
can refer to a unit of space and time and/or 
a unit of product that enters the value 
chains for food, fibre or bioenergy). It 
should be noted that the abbreviation CER 
is used in the context of the Clean Develop-
ment Mechanism of the Kyoto protocol and 
synonyms exist for other formal and volun-
tary frameworks.
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The various market-based mechanisms 
reviewed by Jindal and Namirembe (2012) 
differ in the authority that provides certifi-
cation, the fungibility (or degree to which 
land use-related emission reduction can off-
set ongoing fossil energy emissions) and rules 
for setting baselines. We will discuss three 
groups of market rules.

Instruments under the Kyoto protocol  
and its post-2012 extension

Propositions to include all land-based emis-
sions under the framework of the Clean De-
velopment Mechanism of the Kyoto Protocol 
were stranded at the negotiation table as 
fears that flexible mechanisms would dis-
tract from the need for reducing fossil energy- 
based emissions.

Limited opportunities have been cre-
ated for ‘assisted restoration’ of terrestrial C 
stocks based on offset finance (generating 
‘carbon credits’) under the heading of Af-
forestation/Reforestation Clean Develop-
ment Mechanisms (A/R-CDM) (Jindal and 
Namirembe, 2012). Stringent safeguards and 
rules regulate the application of these mech-
anisms, and so far their implementation has 
been far below the allowable part of global 
mitigation efforts. The discussion and emer-
gence of operational rules has provided 
 significant learning opportunities for all in-
volved. However, in the context of continu-
ously increasing net anthropogenic emissions, 
the time and mental energy spent might 
have had better uses (Murdiyarso et al., 
2008; van Noordwijk et al., 2008). Jindal 
et al. (2008) described 23 projects in 2008, 
before the REDD experimentation phase 
started.

Meanwhile, the agreed international 
accounting procedures for Land Use, Land 
Use Change and Forestry (LULUCF) or the 
updated but yet-to-be adopted protocols on 
Agriculture, Forestry and Other Land Uses 
(AFOLU) in industrialized countries con-
tinue to be debated, which so far has pre-
vented their inclusion as fungible parts of the 
commitment to net emission reduction. The 
European carbon market does not yet include 
forest, tree or soil carbon-related emission 

 reduction to be traded in equivalence with 
fossil fuel emissions reduction rights.

REDD+, NAMA not yet covered  
in binding agreements

The conference of parties of the UNFCCC in 
Bali in 2007 opened the door for experi-
ments both with efforts to reduce emissions 
from deforestation and forest degradation 
(REDD+) and nationally appropriate mitiga-
tion actions (NAMA) in developing countries. 
The NAMA provides for comprehensive 
emissions reduction across all sectors.

The specific restriction of REDD+ to 
‘forest’ has caused significant complications 
in the absence of a globally accepted and 
agreed forest definition – with the existing 
definition referring to ‘forest institutional 
frameworks’ (including ‘temporarily un-
stocked forest’), rather than actual tree cover 
(van Noordwijk et al., 2008). Over the past 
5 years, expectations of ‘avoided emissions’ 
in the forest sector have increased, peaked 
and crashed with reference to REDD+ (redu-
cing emissions from forest degradation and 
deforestation and increased storage by for-
est restoration). Although there is still some 
hope that workable rules can be agreed on, 
the combination of safeguards that are aimed 
at avoiding negative externalities on local 
livelihoods, rights and biodiversity has made 
‘transaction costs’ an important part of the 
total cost. The initial observation of low 
opportunity costs of a large share of histor-
ical emissions (i.e. much of the emissions 
has not lead to economically profitable 
land use) (Stern, 2006) has not been turned 
into implementable abatement programmes 
(as  abatement costs include opportunity, 
transaction plus implementation costs). 
One of the challenges to REDD has been that 
emissions from peatland, while economically 
avoidable, transcend the ‘forest definition’ 
 restriction of REDD+, as does the debate on 
swiddens (Ziegler et al., 2012; van Noordwi-
jk et al., 2015).

More holistic landscape approaches are 
needed and have been tried – not limited 
yet by narrow definitional issues of agreed 
scope. More generally, landscape approaches 
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that target emission reduction from all land 
uses have found increasing support – even 
though the international negotiations have 
not taken this route as yet. The slow emer-
gence of an ‘agricultural mitigation’ inter-
est, however, is to be mentioned. Currently, 
it appears that approaches that explicitly 
reduce human vulnerability through a com-
bination of mitigation and adaptation at the 
landscape scale (‘climate smart agricul-
ture’) are in the focus of attention. Avoided 
loss of soil C (associated with land degrad-
ation) and support for increased soil C stor-
age is a key component. As to the finance of 
‘climate smart agriculture’, however, the op-
tions for offset finance (tradeable carbon 
credits) and/or new investment are barely 
discussed.

Voluntary markets

Jindal and Namirembe (2012) discuss the 
Verified Carbon Standard (VCS, formerly 
Voluntary Carbon Standard), the Gold 
Standard, the Plan Vivo Standard and 
others that have emerged to help the volun-
tary C market obtain the level of trust 
needed to function. As voluntary C credits 
are not fungible under formal C emission 
commitments, they do pass the demand- 
side additionality test, and can focus on 
supply-side additionality and the possibil-
ity of leakage (negative effects outside the 
project area that are attributable to project 
interventions). Planting trees remains an 
emotionally satisfying activity that is popu-
lar for voluntary compensation of fossil 
 energy-based emissions – even though the 
temporary crediting rules of A/R-CDM 
have made this a rather unattractive op-
tion in the compliance market.

Compliance markets may operate under 
‘offset’ rules, which imply that emission re-
duction in a certified project can be used to 
meet formal obligations to reduce emissions 
elsewhere. The credited emission reduction 
can be sold as a right to emit – which means 
it may have zero effect on global emissions. 
The separation in voluntary and compli-
ance markets is fluid in time, with efforts to 

regularize and gain recognition for what 
started as voluntary actions, additional to 
government commitments.

Price volatility as a primary challenge 
 to market-based mechanisms

By the end of 2012, both the EU trading 
scheme and CER prices crashed, in the ab-
sence of a clear sequel to the Kyoto proto-
col. The CER prices came down to US$0.5 t–1 
of CO2 (Ecosystem Market Place, 2013). 
Fluctuations on the demand side for carbon 
credits has a major effect on the volatility of 
prices under a market mechanism, as exist-
ing allowances of carbon rights are inde-
pendent of ups and downs in the global 
economy, and the interest in buying credits 
relates to the margin between actual emis-
sions and allowances. Carbon market prices 
are far more dependent on global economic 
moods than commodity prices that deter-
mine the opportunity costs of emission- 
reduction actions.

Product-based emission accounting  
in international markets

The enthusiasm for biofuels that emerged a 
decade ago could probably be understood 
from the attractiveness of an option that re-
quired minimum adjustments in the means 
of transport and associated lifestyles, while 
agriculture was challenged by surpluses in 
grain and other commodities that exceeded 
financially viable demand (even though 
hunger persisted for those without suffi-
cient income). Importing feedstocks of bio-
fuel, with sugarcane and palm oil the leaders 
for bioethanol and biodiesel, respectively, 
appeared to be attractive – until public 
opinion was made aware of the question of 
the emissions and loss of biodiversity asso-
ciated with the rapid expansion of export- 
oriented crops in tropical rainforests. 
Subsequent regulations of biofuels in the 
EU and USA have tried to guarantee that at 
least some (20–40%) net global emission 
reduction is achieved – even though the 
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fossil fuel substitution is fully credited by 
the  industrialized countries and the emis-
sions caused by the production of bio-
fuels (up to 20–40% of the substitution) 
that occur in developing countries remain 
outside of the purview of the C account-
ants. This discussion on biofuels has 
spilled over to palm oil grown for other 
uses, and a voluntary standard (Round-
table for Sustainable Palm Oil, RSPO) aims 
to mainstream best agroecological practice, 
associated with low emissions, by the 
avoidance of peatland and forest clearing, 
as well as fine-tuned fertilizer applications. 
Technically, a carbon-neutral conversion 
to palm oil production is feasible and ex-
ists in some 10–20% of current production 
(Khasanah et al., 2011).

Exploiting the loopholes in inter-
national carbon accounting, the ideas of 
biological atmospheric carbon dioxide re-
moval through bioenergy with industrial 
carbon capture and storage in importing 
countries might allow industrialized coun-
tries not only to shift from GHG-emitting 
fossil energy sources to carbon neutral ones 
but also even to claim a net atmospheric C 
capture, regardless of the ecological and so-
cial consequences in the areas from which 
bioenergy would be sourced (Smith and 
Torn, 2013). Such approaches have become 
the target for the strategies of industrial-
ized countries with strong emission-reduc-
tion commitments, but there are many 
unresolved issues surrounding this, some 
technical, others institutional on the integ-
rity of international accounting systems 
(Table 31.1).

Overview of options

In the interaction between the above op-
tions and national GHG accounting (Fig. 31.5), 
we see that national-scale emissions inter-
act with area-based efforts of limited spatial 
extent (‘projects’), as well as with efforts to 
modify the footprint of commodities in 
international trade. The interaction between 
these two and comprehensive NAMA remains 
largely unresolved.

Q3: Will The Prices Be Worth  
It Once Transaction Costs  

Are Accounted For?

With agriculture finally finding its place on 
the global climate change agenda at the 
Durban UNFCCC Conference of Parties in 
2011, the level of uncertainty in changes in 
soil carbon stocks linked to land-use change 
is likely to get renewed attention. Lipper 
et al. (2011) suggested that soil carbon se-
questration benefits could be ‘harvested’. 
The question remains at what scale this can 
happen.

The analysis of Cacho et al. (2008) still 
stands, that measurement costs at the level 
of precision required by current C market 
standards are a major obstacle for includ-
ing soil carbon in project designs for A/R-
CDM and its voluntary market 
counterparts. The standards require evi-
dence that effects on pools that are not 
measured will not be negative. Rather than 
claiming positive effects, it may be more 
economical to collect just enough data to 
justify a ‘no harm’ argument, treating any 
additional soil C storage as a co-benefit. 
Positive effects of soil organic matter on 
reducing vulnerability to climate variabil-
ity may be a further co-benefit.

In the special case of peatlands, the 
emissions linked to land-use change are 
large (tens of tonnes of CO2 eq ha–1 year–1 
over decades) and attention is warranted 
and forthcoming, as these still are large 
fluxes with large uncertainties and contro-
versies over prospects of restoration activ-
ities. There are some rough edges to the 
peat issues in terms of definitions: soils 
with less than 50 cm of peat do not clas-
sify as peatlands, yet can cause large emis-
sions. Peatlands gradually merge into other 
wetland issues of GHG fluxes, which 
merge into temporarily flooded riparian 
zones. Mangrove soils with Corg levels of 
around 10% down to several metres in 
depth have recently gained attention, as 
little is known about the C dynamics in 
these soils or of the fate of C-rich sedi-
ments under coastal abrasion. Lack of clear 
definition of such ‘special cases’ may be an 
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Table 31.1. Accounting rules and accountability for soil carbon to be included in market-based mechanisms in different countries.

Entity Accounting Accountability
Soil C fungibility with other 
emission types Voluntary investment

Early-industrialized countries 
(Annex-I), following Kyoto protocol

National reporting using 
IPCC standards

Legal + moral Not within their national 
boundaries; some in 
A/R-CDM context

Consumer pressure shifts 
private sector

Early-industrialized countries 
(Annex-I), not following Kyoto 
protocol

National reporting using 
IPCC standards

Moral Idem Higher voluntary commitment?

Latecomers in economic 
development (non-Annex-I), 
with articulated NAMA

National reporting using 
IPCC standards

Moral Land-based emissions tend to 
be a large share of total

Taxing investment not aligned 
with national priorities

Idem, without NAMA National reporting using 
IPCC standards

Ignored Idem Various attempts to tax, control 
and influence

International trade in bioenergy Ignored beyond Annex-I 
involvement

Moral, if national goals are 
achieved on back of global 
emission increase

Peatland recognized as 
emission hotspots

Trade self-regulation, 
e.g. RSPO

International trade in other 
products

Idem None Idem Idem

Voluntary carbon transactions No specific relation None Flexible Multiple motivations

 A/R-CDM, afforestation/reforestation clean development mechanisms; IPCC, Intergovernmental Panel on Climate Change; NAMA, nationally appropriate mitigation actions; RSPO, 
Roundtable on Sustainable Palm Oil.
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argument to  include all soils, to avoid the 
type of definitional confusion that has con-
siderably slowed down REDD efforts.

The IPCC AFOLU accounting frame-
works require that changes in soil carbon 
stocks across all land uses are part of a 
5-yearly (non-Annex-I) or annual (Annex-I) 
reporting cycle at the national scale. Is there 
scope for monitoring at subnational or ‘pro-
ject’ scales as well? Table 31.2 summarizes 
the pros and cons of the argument.

Integrity of accounting rules

Spatial aggregation shifts determinants of 
uncertainty in soil C stocks in ways that 
are poorly recognized as yet (Lusiana et al., 
2013). The confidence intervals around 
national estimates of net soil C change are 
much narrower than those at project level, 
due to the number of the at least partially 
independent replicates involved. The ag-
gregate numbers mostly suffer from pos-
sible bias, rather than random error. Biases 
inherent in the availability of data that are 
not derived from stratified random de-
signs, but depend on whatever has been 
collected for other reasons, are a major 

 concern that cannot be addressed easily 
without new research.

The integrity of the accounting sys-
tem is challenged by cross-border trade, 
 especially where this involves Annex-I and 
non-Annex-I countries. Long-term stock 
change is the primary accounting base 
for terrestrial carbon and has a diminish-
ing cumulative error, as overestimates of 
change for a single period tend to be com-
pensated by underestimates for a subse-
quent period. Flow  accounting errors do 
not diminish by accumulation, and cumu-
lative trade estimates need to be reconciled 
with the stock changes they lead to. There 
is, however, little reason to treat carbon in 
internationally traded wood differently 
from carbon in other organic produce, be it 
used as animal feed, human food and fibre, 
or as a source of bioenergy (van Noordwijk 
et al., 1997). The inclusion of international 
trade in wood and wood products in car-
bon accounting has long been debated 
(Winjum et al., 1998). If implemented, it al-
lows wood-exporting countries to claim 
carbon sequestration – but the consequent 
emissions in importing countries are pref-
erably ignored. Lauk et al. (2012) con-
cluded that increments from 1900 to 2008 
in the carbon stocks held in wood and 

National account-
ability for appro-
priate mitigation 
actions

Good management 
practice certification 
for international trade

Land management 
projects for enhanced C
storage

Satellite imagery interpreted for land 
cover change, with known accuracy and 
legend matching C data sets and activity 
data

Management infor-
mation on land-use 
systems: life-cycle, 
drainage, fertilization

Area-based 
accounting
(national, 
subnational 
or ‘project’ 
level)

See Fig. 31.2 for
further linkages

Fig. 31.5. Area-based and trade-based interventions to reduce net emissions from land use (change) 
interact with the national accounting frame (compare Fig. 31.2) and accountability vis-à-vis nationally 
appropriate mitigation actions.
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other organic products in society corres-
ponded to 2.2–3.4% of global fossil fuel- 
related carbon emissions for the period; 
although this is not negligible, the growth 
over time is not a major climate change 
mitigation option and there is only modest 
potential to mitigate climate change by the 
increase of carbon stocks in society held in 
wood and other organic products. As quan-
tified by Larson et al. (2012), the significant 
carbon stocks in harvested wood products 
in society are associated with substantial 
fossil fuel-based emissions as well.

Where the importing countries use the 
imported organic substrate to reduce their 
fossil fuel use and associated emissions, the 
integrity of the global C accounting system 
is at stake if stock change in the exporting 
country is not properly accounted for. The 
‘emission transfer’ that can cross the boundar-
ies of the part of the world with accountability 
for net emissions is the basis for seeking 
‘footprint’ numbers that can be associated 
with international trade.

Are there better ways to provide  
effective performance-based incentives?

The basic market proposition is that self- 
interest can generate public goods through 
Smith’s invisible hands (Rothschild, 1994). 
Current debate on the application of mar-
ket concepts in REDD+ shows a range of 
opinions.

On one hand, Venter and Koh (2012) 
conclude that REDD+ currently is the most 
promising mechanism driving the conser-
vation of tropical forests, but that if it is 
to emerge as a true game changer, REDD+ 
must still demonstrate that it can access 
low trans action cost and high-volume car-
bon markets or funds. It will have to do this 
while also providing or complementing a 
suite of non-monetary incentives to encour-
age a  developing nation’s transition from 
forest losing to forest gaining, and align 
with, not undermine, a globally cohesive 
attempt to mitigate anthropogenic climate 
change.

Table 31.2. The pros and cons of the arguments for inclusion of soil carbon stocks in subnational and 
project-scale C accounting efforts.

Arguments in favour Arguments against

Soil carbon stocks have longer residence times, and 
cumulative changes with time are less vulnerable to 
change than aboveground C stocks

Small annual changes in a pool that has high 
spatial variability which is only partially attributable 
to easily measurable covariates (Don et al., 2011; 
World Bank, 2012)

Beyond peat and wetlands, the case for recovery of 
Corg in overgrazed and degraded drylands is 
sufficiently strong to warrant action, as the areas 
involved are large (Wang et al., 2011)

Evidence of changes in relative Corg distribution 
with depth that are uncorrelated with the more 
readily observable change in topsoil Corg; this 
relates to changes in soil tillage (VandenBygaart 
and Angers 2006) and shifts between grasslands 
and tree-based vegetation (Jobbágy and 
Jackson, 2000)

Dynamic process-based models of Corg continue to 
improve and can be used for refined and 
downscales of national estimates (van Wesemael 
et al., 2011; Smith et al., 2012)

Sample bias in current published data of paired-plot 
comparisons as explored by Powers et al. (2011) 
and internal contradictions (both forest => 
grassland and grassland =>forest changes are 
reported to increase Corg)

New methods based on spectral analysis reduce the 
costs of analysis, and correlations with standard 
(wet chemistry or dry combustion) analysis are 
fairly good (no peer-reviewed use for Corg 
temporal monitoring, though)

Costs of sample analysis with the required levels of 
replication that can overcome spatial variability 
can take up >100% of the economic value of 
increased certainty about C stock changes over 
short time intervals

Enhancing Corg has co-benefits for agricultural 
productivity and climate change adaptation, 
so there are win–win opportunities

Soil C stocks have been shown to recover spontan-
eously with agricultural intensification (Minasny 
et al., 2011), undermining ‘additionality’
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On the other hand, Corbera (2012) cri-
tiqued the current REDD+ policy framework 
and its commodification of ecosystems’ car-
bon storage and sequestration functions on 
a global scale, as part of a ‘neoliberalization 
of nature’. It eases a transition from an eth-
ically informed conservation ethos to a 
utilitarian one that simplifies nature and 
undermines socioecological resilience. This 
approach relies on a single valuation lan-
guage that may crowd out conservation mo-
tivations in the short and long term; while it 
is sustained on a ‘multiple-win’ discourse 
that in practice lacks procedural legitimacy 
in many developing countries and repro-
duces existing inequities and forms of so-
cial exclusion.

In the contrast between these two per-
spectives on market-based mechanisms to 
reduce emissions from forest conversion to 
other use, generally including changes in 
soil C stocks, we can see recognition that 
there are multiple levels of motivation in-
volved. This occurs on both ends of the 

value chain, and the interaction between 
them can be negative as well as positive.

Elsewhere (van Noordwijk et al., 2013), 
we proposed a motivational pyramid for 
governments’ concerns in developing and 
developed countries (Fig. 31.6) that leads to 
three entry points in the current debate: 
(i) REDD+ and similar market instruments 
offering rents that exceed those for a busi-
ness as the usual scenario; (ii) concerns about 
branding and maintenance of market share 
in international markets; and (iii) genuine 
interest in global emission reduction.

van Noordwijk et al. (2012a) and Minang 
and van Noordwijk (2013) argue that along a 
carbon value chain a combination of PES 
paradigms (discussed above) can be used: 
(ia) commodification of verifiable carbon 
emission credits at national scale; (ii) com-
pensation in the interaction between national 
governments and sectors or subnational en-
tities; and (iii) co-investment in the inter-
action with land users. This perspective 
may address the concerns expressed by 
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both Venter and Koh (2012) and Corbera 
(2012), as cited. Co-investment may well 
have to start with the clarification of use 
rights and negotiation of agreements for 
land use in high C stock parts of the land-
scape (Akiefnawati et al., 2010). Co-invest-
ment will also have to rely on clear local 
roles in monitoring, rather than full reliance 
on technical remote sensing approaches 
(Danielsen et al., 2013).

Meanwhile, the response of private sec-
tor entities to critique and footprint con-
cerns of their end-consumers has led to the 
emergence of paradigm (ib), where ES issues 
are linked to existing commodity trade, rather 
than being commoditized separately. So far, 
the voluntary restriction of further peatland 
conversion, in the face of public concerns, 
probably has been the major ‘market-based’ 
reduction of net soil carbon emissions. 
It follows a pathway different from what is 
usually considered, and has a strong focus 
on recognized hotspots rather than support-
ing the large number of smallholders who 
might make small per hectare gains in car-
bon stocks on small landholdings, subject to 
expensive monitoring.

Conclusions

In conclusion, the prospects for carbon 
markets to support plot- or farm-level 
performance- based efforts effectively to in-
crease soil C storage are dim. However, 
there is space for national aggregation to 
commercially viable scales, by holistic 
land-use accounting systems that include 
soil C, with domestic incentive mechanisms 
that support land-use practices from an ap-
proved list, and/or become part of inte-
grated land-use planning for low C emission 
economies (Dewi et al., 2011).

Avoidance of depletion of soil organic 
matter as part of land degradation and enhanced 
restoration in depleted soils are of direct 
importance to agriculture, ranching, forestry 
and other land uses, but are also a relevant 
part of national C accounting and the global 
C cycle. ‘Carbon markets’ imply economic 
performance-based incentives that relate 
global climate and GHG concerns via  national 

commitments to reduce overall CO2 emis-
sions to incentives at the level of land users 
to increase net C storage. If these incentives 
are based on offset principles, however, they 
only reduce net anthropogenic emissions if 
they lead to stronger emission reduction tar-
gets at the negotiation tables for an agreed 
cap overall.

Uncertainty in performance measures at 
the national scale differs essentially from 
that at the plot, farm or landscape level. Clear 
effects in national accounts derive from the 
aggregation of data with substantial spatial 
variation in which inherent soil properties 
and management-dependent soil carbon are 
not separated as easily as directly visible 
aboveground C stocks in vegetation. The 
chances for effective market-based mechan-
isms to provide farm-level incentives for 
 increasing soil C stocks are limited by: 
(i) unclear additionality at both the supply 
and demand level; (ii) lack of adequate 
international commitments to reduce C emis-
sions to the atmosphere; (iii) technical issues 
of monitoring at high spatial resolution; and 
(iv) lack of agreement on modalities for dir-
ect incentives and timescales for assessing 
performance. Currently, and in the foresee-
able future, the main market-based mechan-
isms for avoiding land degradation and 
enhancing soil C storage in low C emission 
economies are the use of minimum stand-
ards for the sustainability of production 
 systems. This approach would be for com-
modities acceptable in international trade 
and opportunities to get market recognition 
for better-than-average practices. Soil carbon 
will likely not be targeted separately from 
aboveground C stocks, and the major changes 
involved in the loss of tree biomass and the 
use of peatlands will  remain the primary at-
tractor of attention.
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discounting 183
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217–218
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ion exchange 110–111
modelling 112–116
quality 154, 159

biodegradation 155–159, 270, 320–321
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Plate 1. World map of soil status. Soil degradation is the decrease in the capacity of soil functions to supply
ecosystem services and deliver benefits. Declining agricultural productivity is one example of loss of soil function
and the benefits flowing from soil. The colour coding shows the status of land to deliver ecosystem services (low,
high) and the state of soil functions (strong or weak degradation, improving). (From Nachtergaele et al., 2011.)
Plate 2. World map of soil carbon content in the top 1 m of the land surface. Higher carbon stocks are found in
more humid regions with drylands coinciding more extensively with the land degradation shown in Plate 1. (From
UNEP-WCMC, 2009.)
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Plate 3. Fractions of carbon content associated with major mineral soil types in soil carbon storage under natural
vegetation in major climatic zones, based on areal extent and mean soil carbon content. (From Batjes, 2011.)
Plate 4. Tentative classification of the levels of soil carbon on managed (mineral) soils relative to those under 
native vegetation with respect to fulfilment of a number of the functions specified in Table 3.1. Traffic light colours
imply the degree of risk, where: green indicates sustainable conditions; yellow indicates risks that need attention;
and red indicates severe consequences that are occurring or minimum thresholds crossed. Values can exceed
100% if managed soils exceed the C stocks under natural vegetation.
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Plate 5. The socio-economic (red area) and biophysical components (green area) influenced by SOC manage-
ment objectives and current best practices across spatial scales. The horizontal dimension corresponds to the
number of actors affected by SOC loss and currently able to apply best practices at each spatial scale (vertical
axis).
Plate 6. African farmers’ unions present on the continent (SFOAP, 2013: http://www.sfoap.net/about_sfoap/).
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Plate 7. Geographical repartition of simplified climate categories.
Plate 8. Some examples of natural and anthropogenic organic matter and carbon particles occurring in soils 
(typical size approximately 100 µm); pictures by Bertrand Ligouis. (For methods and more examples, see Ligouis
et al., 2005).
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Plate 9. Highly coloured, foaming water in Black Burn, which drains organic carbon-rich soil on Cragside Estate,
Northumberland, UK. (Pictures courtesy of Dr Paul Sallis.)
Plate 10. Global distribution of various soil degradation types. (From Oldeman et al., 1991.)
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Plate 11. Global soil degradation according to various studies. (A) Middleton and Thomas, 1997. (B) Simulated
global distribution of agricultural carbon erosion (cropland + pasture and rangeland) (Mg C ha−1 year−1) (van Oost
et al., 2007). (C) Geographical distribution of soil health trends according to LADA (Nachtergaele et al., 2011).
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Plate 12. Average trend in SOC stock change 1971–2100 across ten climate scenarios. (From Gottschalk et al.,
2012.)
Plate 13. Map of South America highlighting the area covered by the Cerrado, Atlantic Forest and Southern
Grassland biomes.
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Plate 14. Abandoned, heavily degraded agricultural peatland in Chernigiv region, Ukraine, where the soil has 
become so hydrophobic and dry that flourishing vegetation can only be found in the ditches.
Plate 15. Institutional map of actors and relations involved in land-use decisions, investments and benefits from
the associated value chains.
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