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Preface

Why forest soils? What makes forest soils unique and worthy of study in

separation from other types of soil? There is probably amyriad of reasons, as every

forester or forest soil scientist would attest, but the most compelling motives

surely must be their extent, their close links with the forests under which they

develop and their role in the global biogeochemical cycles. We study the structure

and functioning of forest soils in order to understand the relationship between

the soil and the forest. The ultimate goal is then to utilise such knowledge in forest

management and conservation. To further the argument in favour of studying

forest soils, one can draw a very clear distinction between agricultural and

silvicultural use. Although one could argue that both agriculture and silviculture

treat the soil as a resource to be used when growing the desired crop, there is an

important difference between the two land use types. Soil as a resource influences

the quantity and the quality of the crop and, to some extent, the crop manage-

ment techniques; however, it is only in a forest where the soil develops together

with the crop. This is because of the length of the forest life cycle: a particular tree

species or mixture has sufficient time to affect the microclimate and the site

conditions, to alter the character and the functioning of the soil.

The main motivation for writing this book has been the provision of a single

volume concentrating on forest soil development and functioning in temperate and

boreal forests. The book describes fundamental soil characteristics and their use and

shows the link between the forest and soil development. It introduces the principles

of soil ecology in terms of material and energy flows and in terms of the roles and

functions of all types of soil biota. To illustrate some of the present-day issues, the

book sets forest soil ecology against the background of anthropogenic pressure and

climate change. This is, undoubtedly, the greatest environmental factor shaping the

near future of forests and forest soil. The latter part of the volume introduces the

environmental functions of forest soils and discusses the management challenges

that have to be met to ensure sustainability of forest soils in the future.

xi





1

Introduction

This introductory chapter discusses the history and the relevance of

studying soils, moves on to the principles and processes of soil formation and

outlines the importance of soils for forest growth and survival. This is undoubt-

edly a very broad task. We cannot introduce all the details of all the processes

involved and will therefore attempt to offer the reader a good and concise view

of the fundamentals of the processes and mechanisms involved.

There is little mileage in trying to put forward a succinct definition of soil.

This is mainly because the term ‘soil’ means different things to different people.

Sitting at the interface between the atmosphere and the lithosphere, and

forming part of the hydro- and biospheres (White 1979), soils have found many

uses and hence many definitions. An engineer sees the soil as a loose material

providing support; a hydrologist views it as a reservoir and a water purification

structure; an ecologist would be interested in all life that it supports; and a

farmer would want to know its structure and nutrient content. Naturally, since

this is a forest soil ecology book, a forester or a forest ecologist would look at the

soil through the prism of the relationship between trees and the underlying soil,

how they influence each other and how they form integral parts of any forest

ecosystem.

1.1 History of forest soil studies

People have always been interested in how plants grow and what the

role of the soil is in this process. This inquisitiveness probably starts with

the domestication of plants and the invention of arable agriculture. For example,

the Chinese were already using soil fertility as a basis for levying taxes on the

landholder in 4000 bc. It is not possible to say when the perception arose that
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plant and tree growth is somehow related to the soil form. Early farmers must

have known that some plants grew better in certain soils, but what we would call

a scientific approach to studying soils began with Greek philosophers such as

Aristotle (384–322 bc) and Theophrastus (c. 371–c. 287 bc) (Fisher et al. 2000). The

knowledge accumulated by the Greeks was then adopted by the Romans and

spread across Europe. The notion of soil fertility and how to maintain it was then

traded down the generations, but the scientific principles applied by the Greeks

and the Romans were lost and not known to Western scholars centuries after the

fall of the Roman Empire.

It was not until the latter half of the second millennium that scientific

curiosity returned to the study of the soils. In 1563 Bernard de Palissy (c. 1510 –

c. 1589), in his treatise entitled Recepte Véritable, introduced the idea that the

plants take their nutrients from the soil. Several authors, often working on their

own and without reference to others, continued to experiment with simple

plant–soil systems to find out the principles of plant growth. Van Helmont

(1580–1644) carried out his classic experiment during this time. He grew a willow

tree in 200 pounds of soil for five years, meticulously measuring the amount of

water he was adding. In the end the willow grew to 164 pounds; since the mass

of the soil changed only little, the experiment led him to conclude that the tree

gained its mass from the water alone. However, Robert Boyle (1627–1691)

rejected this claim in 1666, rightly pointing out that crops and trees do not grow

well on poor soil regardless of the availability of water. It was not until the 1800s

that the correct conclusion of Van Helmont’s experiment was reached by a Swiss

plant physiologist, de Saussure (1767–1845), by measuring carbon dioxide and

water consumption during photosynthesis.

At around this time, the Industrial Revolution considerably raised living

standards, thus increasing the demand for agricultural produce and changing

the balance between the rural and urban populations. This meant fewer food

producers compared with consumers, resulting in rising interest in soil fertility.

Rapid progress in soil science was then made by utilising discoveries in physics

and chemistry. Von Liebig (1803–1873) published his Chemistry Applied to Agricul-

ture and Physiology in 1840, marking the start of modern soil science. In this

landmark publication, he disproved the long-held ‘humus theory’ and showed

that plants absorb nutrients in inorganic form from the soil. During the 1850s,

Thomas Way (1820–1883) discovered and described the principles of cation

exchange in the soil at the now famous Rothamsted research station. The latter

half of the nineteenth century was then marked by the discoveries of the role of

microorganisms in the soil, especially the important part they play in organic

matter decomposition and the conversion of nitrogen from ammonia to nitrate

and vice versa. Russian researchers were prominent in developing certain aspects
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of soil science during this period; Vasilij Dokuchaev (1846–1903) constructed the

first soil classification system in 1886.

Forest soil science can date its specific origins to the development of German

forest science and management during the 1850s. Karl Grebe (1816–1890), a

German forester, recognised at around this time that the forest is intricately

linked to its soil and that any intelligent forest management must take the soil

characteristics into account. Early work concentrated not only on describing

forest soils, but also on studying their functioning. Notably, P. E. Müller (1840–

1926) carried out his classic studies of the natural types of humus layers and

E. Ebermeyer (1829–1908) worked on forest litter, soil organic matter cycling

and nutrient dynamics. Texts on forest soils became an integral part of forestry

education in Europe, starting with the forestry textbooks of Grebe (1852) in the

German language (Wilde 1958).

Forest soil science then proceeded from studies describing the functioning

of forest soils in all forest biomes to more applied studies of the impacts of

acidification and environmental pollution, as these phenomena became more

prominent. At present, great emphasis is placed on forecasting the reaction of

forest soils to impending climate change, especially changes in temperature,

species composition and carbon fluxes. However, beforeweunravel these complex

mechanisms and dependencies, we have to have a look at the origins of soil: where

do soils come from and why do they have their present shape and function?

1.2 Soil formation

All ecological systems found on Earth are essentially open – open to the

inward and outward flows of energy and matter (Hoosbeek and Bryant 1992). It is

the persistence of these flows that eventually leads to the formation of soils

in terrestrial ecosystems. As soon as an otherwise solid rock or mineral deposit is

exposed to air – and thus to a free exchange of energy – soil starts to form.

Whether through solidification of lava, uplift of sediments, lowering of surface

water table or retreat of glaciers, energy stored in rocks and minerals is made

available and released during the process of weathering. Initially, chemical and

physical weathering of ordered crystalline rocks (Table 1.1) leads to their frag-

mentation and the dissipation of energy from the system, thus increasing its

entropy (state of disorder). Weathering and soil formation processes are then

greatly hastened by the arrival of living organisms, initially only in primitive

forms such as lichens, mosses and liverworts. Any nascent soil therefore contains

both mineral and organic components, which will remain its most important

constituents for its entire lifetime. However, in order to function, soils need to be

organised at various levels. For example, horizontal stratification of soil layers or

31.2 Soil formation



Table 1.1 Physical and chemical weathering processes

Physical weathering

Freezing and thawing The expansive force of freezing water pushes the mineral structures

apart. When the ice thaws, water can reach further into the soil particles; repeated freezing

and thawing thus reduces particle size.

Heating and cooling Particles in soil are subjected to heat expansion and contraction. Uneven

physical structure or chemical composition causes differential expansion, subjecting particles

to internal pressure or shear, eventually leading to disintegration. This process is less

pronounced than freezing and thawing, but can become significant in the long term.

Wetting and drying Soils with high content of clay minerals are prone to swelling when wetted

and shrinking when dried. This process causes mechanical movement of particles, which leads

to abrasion and weathering.

Abrasion Fast grinding or rubbing of particles causes their disintegration. Most obvious in arid

and windy environments (blown sands) or in fast-moving water (streams, surf).

Organisms Soil is inhabited by a wide range of organisms. Their actions lead to mixing,

aeration, drying or displacement of soil particles, thus enhancing the rate of physical

weathering.

Unloading Often linked to the retreat of glaciers or removal of overlying materials. Soils and

minerals they contain are prone to uplifting and expansion as soon as the compression agent

is removed.

Chemical weathering

Dissolution Certain solid components dissolve in soil water and are removed from the soil if the

water supply is sufficient. Limestone formations are especially vulnerable to dissolution,

forming spectacular karst landscapes.

Hydrolysis A chemical reaction in which a chemical compound is broken down by reaction with

water. This process often involves solutions of salts and their conversion to new ionic species

or to precipitates (oxides, hydroxides or salts).

Carbonation Atmospheric CO2 dissolves in rainwater, forming a weak carbonic acid. This acid,

albeit harmless to plants and animals, is able to dissolve certain kinds of rock, such as feldspar

and limestone.

Hydration Soil water molecules can attach themselves to the chemical structure of soil

minerals, thus altering properties such as their crystalline structure. The most common

process of hydration occurs when water is added to cement or gypsum.

Oxidation Oxygen, whether in soil, water or air, reacts with many soil minerals or compounds,

causing a loss of electrons. Structure, chemical composition, appearance or reactivity can all

be changed by this process.

Reduction The reverse of oxidation. This occurs when a lack of oxygen in the soil creates

conditions in which compounds are prone to acquiring electrons, often inverting the changes

caused by oxidation.

Source: Adapted from Soil-net.com, accessed June 2010.
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hierarchical foodwebs of soil dwelling organisms will eventually develop. The

organisation of soil into a functioning unit decreases the entropy of the system

and as such requires external input of useful energy. With the exception of

primary production of anaerobic bacteria, almost all of the energy available to

the soil for self-organisation ultimately comes from the Sun. There are two main

types of energy flow that enable organisation in soils: the downward flow of

water, and the energy locked into organic matter by the process of photosyn-

thesis. The kinetic energy of water passing through the soil profile enables

downward (or upward, depending on circumstances) movement of soil particles

or dissolved chemical compounds, thus contributing to stratification of soil

horizons and several other processes. In the meantime, the energy stored in

the chemical bonds of organic molecules powers the entire community of organ-

isms inhabiting the soil: bacteria, fungi, springtails and worms, to name just a

few groups. The functioning of all soils needs constant external energy input,

otherwise no living soils would be able to maintain their present state.

There are five main factors that take part in the formation of every soil

(pedogenesis): climate, relief, parent rock, time, and living organisms and associ-

ated organic matter. Before discussing these in greater detail, we have to stress

the importance of the mutual dependence of a particular vegetation type, the

soil on which it grows and the climate under which they developed. In the case of

forest soils, each of these three factors continuously influences the other two,

resulting in the development of a particular forest ecosystem and a certain type

of soil in a given location, which are at an equilibrium with their environment.

Out of the five factors, climate is the one that works at the broadest, some-

times global, scale. Temperature and precipitation patterns strongly influence

weathering and movement of fragmented particles. The rest of the agents func-

tion at regional or local scales; relief (topography) of the landscape has a bearing

on site microclimate and the intensity and the direction of matter movement,

parent rock directly influences the chemical and structural compositions of soils

by providing their building materials. Soil formation is generally not a fast

process, taking hundreds to thousands of years. The type, stratification and

depth of the soil are all dependent on the length of time over which the

pedogenic processes were at work at any location. The process of soil formation

is often reversed or disturbed by climatic events, resulting in complicated pat-

terns of soil horizons or indeed soil types. Finally, organisms living on or in the

soil greatly affect its formation (Chapter 3). They directly affect mineral

weathering, take part in water and nutrient cycling, cause organic matter

decomposition and, especially in the case of forests, modify local microclimate.

On Earth, the combinations of the five main factors give rise to an almost infinite

range of soils (Gobat et al. 2004).
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Inevitably, the influence of all soil formation factors does not cease once the

soil has been formed; they do continue to play a part in, and influence, normal

soil functioning. It is very difficult, if not impossible, to distinguish the bound-

aries of soil formation. Nearly all the processes involved are continuous; the only

change is the relative strength of their influence once the soil has reached an

equilibriumwith its environment. Despite this continuum, it is possible to distin-

guish three major phases of soil development, as illustrated in Figure 1.1.

Chemical weathering

Physical disintegration

Colonisation by plants

Formation of the 
clay–humus complex

Rock weathering

• Dissolution
• Hydration
• Hydrolysis

• Water
• Freezing

• Litter fall
• Release of CO2
• Root secretions

• Heating and cooling

First stage: weathering of parent material

Second stage: enrichment in organic matter

Third stage: transport of matter and formation of 
well-differentiated horizons

Organic horizon (OL, OF, OH)
Organo-mineral horizon (A)

Elluvial horizon (E)

Iron-enriched horizon (BPs)
Clay-enriched horizon (BT)
Weathered rock (C)

Parent material in situ (R)

Figure 1.1 Three main stages of soil formation: weathering of parent material,

organic matter deposition by living organisms, and movement of materials.

Adapted from Soltner (1996).
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The first phase takes place during solid rock disintegration and results in a layer of

loosemineral particles commonly defined as sand, silt and clay (Chapter 3). Mineral

transformation may take place during this phase, but the primary process taking

place is weathering. The second stage is characterised by the colonisation of loose

matter by organisms and by the incorporation of dead organic matter into the soil.

As mentioned before, the processes driven by the actions and outputs of living

organisms take place during the soil formation and during its entire existence – as

long as the inputs of organicmatter continue.When organicmatter enters the soil,

it undergoes one of the following three types of transformation: mineralisation,

humification or assimilation by microorganisms (for more details about organic

matter, see Chapter 6). The third stage of soil development can then be defined as

horizon formation (stratification). Several soil-forming processes take place during

this phase, all dependent onexternal energy input. Each soilwill eventually develop

its own sequence of horizons, depending on the interplay between the five soil

formation factors. However, there are similarities enabling us to group similar soils

into various classes and types through soil classification (Chapter 3).

Soil-forming processes

All processes that take part in the formation of soil can be, in one way or

another, connected to the movement and transformation of particles found in the

soil. None of these principal processes is unique to soil formation; they do continue

to operate once the soil has been formed and become part of normal soil function-

ing. Specific site and climatic conditions may exclude certain soil formation pro-

cesses, but if the environmental conditions change they may be activated.

Generally, the presence or absence of water in the soil and the prevailing tempera-

ture drive the direction and the rate of any soil formation process. Mineral

weathering in arid environments often consists of physical disintegration of rocks

with little chemical transformation. If evaporation exceeds rainfall, soluble chem-

icals are often carried upwards with capillary movement of water and accumulate

at or near the soil surface, giving rise to saline soils. Humid environments, on the

other hand, are characterised by strong transformation and movement of the

products of weathering. Processes such as leaching, elluviation and illuviation

take place when the supply of water is plentiful. Leaching, the removal of soluble

components of the soil, occurs when downwardmovement of water results in a net

loss of chemical compounds, either from a single horizon or from the entire soil

column. Elluviation and illuviation relate to the movement of clay or silt particles

suspended in water, often from one horizon to the next. Soil-forming processes

often take place in combination, giving rise to a very characteristic type of soil.

Podzolisation is a good example of such a combination: chemical and physical

elluviation and illuviation take place concurrently within the soil column,
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resulting in a typical arrangement of a bleached elluvial horizon and an enriched

illuvial one just below it (Figure 1.2).

Given enough time, and depending on the particular combination of soil

formation factors, a mature soil will develop. The soil is considered mature

when a sufficient length of time has passed for a fully stratified soil to develop.

This does not mean that the soil is not developing further or that it is in an

absolute equilibrium. Any change in climate or vegetation, natural or anthropo-

genic, will alter the fluxes of energy and materials. This has a great effect on soil

functioning, shifting the existing soil equilibrium and changing the speed and

the direction of soil development.

1.3 Trees and soil environment

As already explained, a forest and its soil are intimately linked. Little is

to be gained by considering the soil without the plants, and vice versa. Because

Figure 1.2 Typical profile of a podzolic soil developed on aeolic sediments in Central

Russia. Soil horizons are clearly separated by colour as a result of downward water

movement. (Photo: authors.)
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of their varying characteristics, different forest soils support different forest

types. However, the very same forests shape the development and the formation

of forest soils. If we intend to study forest soils and their ecology, we have to

solve the dilemma of where the forest finishes and the soil starts. The solution,

of course, is that there is no functional boundary between the two; both are

parts of a forest ecosystem and share common cycles of matter and energy.

When looking at the ecology of soil-dwelling organisms, we always need to take

the trees into account, especially since they are a dominant part of this system.

Another important point is the complexity of the interactions between the

forest and the soil: even if we were able to describe every individual relation-

ship and process, the functioning of the whole system would be far from

understood.

A forest does influence the soil through a variety of mechanisms, for example

by defining the type and the amount of organic matter that enters the soil, by

utilising water for evapotranspiration or by altering the site microclimate.

Substituting native broadleaved woodland with conifer plantations to increase

wood production often results in a rapid increase in soil acidity, especially on

nutrient-poor soils. In a pollution free environment, the main factor driving

acidification is the change of forest litter from readily decomposable and rela-

tively nutrient-rich leaves to resilient and nutrient-poor conifer needles. Simi-

larly, removing the trees from a site prone to waterlogging increases the risk of

the soil conditions becoming permanently anaerobic. While growing, the trees

extract large quantities of water to supply photosynthesis and to acquire nutri-

ents. If this flux is severed, water accumulates in the soil, potentially turning an

otherwise well-aerated soil into a waterlogged one.

A great proportion of soils that today are used for agriculture originally

developed under a forest. We tend to think that the forests are linked to

nutrient-poor soils on difficult sites, but this is the case only because

deforestation happened predominantly in easily accessible locations and where

the soils were the most suitable for agriculture. Generally, if the soil is left

untended and the disturbance associated with agriculture ceases, any deforested

site will start reverting back to woodland and the soil will again develop its

typical stratification and its ecology. This process is in evidence in Europe and

North America, where large parts of temperate forests are the result of second-

ary, post-agricultural, succession. Excluding any changes in climate, the soils on

such sites would revert to an equilibrium found before deforestation and acquire

their typical forest soil characteristics.
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Soil properties

The properties of any soil are dependent on its constituents, their

proportions, and their flows and fluctuations both in space and in time. The soil

is an interlinked system where all constituents influence each other through a

myriad of interactions, making it nearly impossible to separate, describe and

study individual physical, chemical and biological processes. This chapter

describes the scientific underpinnings of soil science; it then defines the basic

soil properties, the methods used to measure them and their relevance to the

forest ecosystem and its functioning.

Any soil typically consists of three phases: solid, liquid and gaseous. The solid

phase is represented by mineral or organic particles of various shapes and sizes,

the liquid phase by water with varying concentrations of soluble compounds

and the gaseous phase by soil air. All are essential parts of soil formation and

functioning; however, we can imagine a soil without its liquid or gas constitu-

ent. A temporarily dried out or completely flooded soil would still be considered

a soil, but we would not define a material as soil if it was lacking the solid phase.

We therefore start the description of soil properties by discussing the solid phase

and its most important property: texture.

2.1 Physical properties

2.1.1 Texture

Texture describes the relative proportion of solid soil constituents

according to their size. The term mineral texture refers to the size distribution

of mineral particles, which can be determined by a simple granulometric analy-

sis. The array of solid particles found in forest soil can span several orders of

magnitude. The particles are, somewhat arbitrarily, divided into several
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categories according to their size and it is the proportion of these categories that

gives the soil its texture. The term soil texture carries both qualitative and

quantitative connotations; an experienced pedologist would be able to describe

the ‘feel’ of the soil by rubbing a moistened lump of soil between the fingers and

say whether the soil feels sandy, gritty, coarse, smooth, and so on.

It is, of course, also possible to quantitatively establish the size range and the

proportion of soil particles, thus obtaining an exact measure of soil texture. The

most common approach is to define soil particles as sand, silt and clay. Solid

particles larger than sand, usually larger than 2mm, are variously termed gravel,

pebbles, stones and boulders with increasing size. These large mineral bodies do

affect some aspects of soil functioning, but are not part of soil texture classifica-

tion. There are several established classifications of soil particles, notably the

United States Department of Agriculture (USDA) and the International Society of

Soil Science (ISSS) classifications; they all classify soil particles as sand, silt and

clay but differ to a small degree in their size definitions.

Particles smaller than 2mm and larger than 20 (ISSS) or 50mm (USDA) form

the sand fraction, often further divided into fine, medium and coarse sub-

fractions. Sand grains are a direct product of physical weathering and parent

rock disintegration and consist of primary minerals, which have not been chem-

ically altered during soil formation. The sand fraction usually consists of quartz,

mica or feldspar grains, occasionally substituted by minerals such as zircon or

hornblende. Depending on the nature of the weathering process that produced

them, and on whether the sand particles have been moved and deposited, they

may or may not have sharp edges, directly affecting the abrasiveness of the soil

environment.

Moving down one size, we find the next particle fraction: silt. Silt particles are

defined as larger than 2 mm but smaller than sand, and in many ways resemble

sand particles. What sets them apart from sand, owing to their smaller size and

therefore larger surface area per unit volume, is their affinity with clay particles.

The silt component of the soil is often coated with clay particles and exhibits

some of the functions and characteristics associated with clay.

The smallest mineral particle fraction found in the soil is clay. Defined as

smaller than 2 mm, clay particles generally belong to a group of secondary

minerals known as aluminosilicates. These are formed during chemical trans-

formations of weathering products during soil formation. Because of their

small size and layered structure, clay particles have enormous surface area,

up to several hundred square metres per gram of clay. Clay particles are

typically of plate- or needle-like shape and have a great affinity for water. They

adsorb water molecules and dissolved substances onto their surfaces, thus

expanding on wetting and shrinking on drying. A soil with high clay content
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is therefore prone to swelling during wet conditions and to contracting and

cracking during a dry spell. Clay particles typically carry a negative charge,

which attracts cations present in soil solution; this forms an important part of

soil cation exchange capacity.

Sand and silt particles on their own are largely inert and provide the matrix

that physically supports any soil. Clay particles are the functional part; they

constantly exchange water and chemicals with the soil solution. This process is

indispensable for normal soil functioning, as it provides storage of nutrients:

building materials necessary for plant and microbial growth.

Soil texture is a stable property, changing onlywith soil development as primary

minerals are slowly weathered and secondary minerals formed and transformed,

thus providing a useful indicator of soil age and history. The textural class of any

soil is based on the mass proportion of the three main textural components

(Figure 2.1). The relative contribution of sand, silt and clay to the total mineral

fraction determines how a soil will behave in different environmental conditions,

and its suitability for plant and animal colonisation. The texture directly controls

the soil’s structure, its porosity and its water and air content. In particular, the

clay content influences the formation of organo-mineral complexes (Chapter 3), as

well as the cation exchange capacity, fertility and rooting depth (Gobat et al. 2004).

A central location in any soil texture diagram is occupied by loam; this is a soil

class that contains a balanced proportion of sand, silt and clay. Loamy soil is
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thought to possess the best properties for plant growth as it contains more

nutrients than pure sand but is better drained and aerated than pure clay. Loamy

soils are most frequently deforested and converted to agricultural soils, as they

offer the best conditions for arable agriculture.

2.1.2 Soil structure

Soil structure, as opposed to texture, is not a stable property of the soil as

it can be rapidly altered by changing climate, seasonality or faunal activity

(bioturbation). Loosely defined as the mode of organisation of soil particles, soil

structure can vary throughout the year as the conditionswithin the soil profile are

changed by a confluence of internal and external factors. The soil functions as a

continuum, but the way in which the soil particles are arranged and attached to

each other has a great influence on the character and the velocity of processes that

take part within it. As already mentioned, soil particles differ in size and shape

and can be organised and interlinked in a great variety ofways. Themode inwhich

the particles are arranged determines the volume, shape and the array of empty

spaces in the soil, termed porosity. Soil structure thus affects the content and the

diffusion of air and water within the soil. It also influences soil mechanical

properties, which affect seed emergence, root growth or soil erosion.

Three categories of soil structure can be broadly defined: singular, aggregated

and massive (Figure 2.2). A soil is said to have singular structure when its

particles are entirely unattached and loose. In the forest context, such soils can

be found on windblown sand deposits usually colonized by Scots pine (Pinus

sylvestris). At the other extreme of the structural scale lies massive structure.

These are very heavy soils with blocky and uniform structure where the soil

particles are tightly packed together. Certain waterlogged soils exhibit this

structure, which upon drying leads to the formation of blocks of dried clay.

Between these two extremes, we can find a wide range of soils with aggregated

structure. Overlapping with loam in the case of texture, aggregated structure is

the most desirable type of structure for plant growth. Having the optimal

proportion of stable aggregates, this soil offers the best conditions in terms of

water-holding capacity, aeration and nutrient availability.

Soil aggregates naturally come in various sizes and shapes, affecting their

function and stability. The aggregates visible to the naked eye are called

macroaggregates (peds) and are usually composed of groups of microaggregates,

which in turn are made up of clusters of clay particles (flocs). The stability

of the aggregates generally decreases with increasing size; the bonding mater-

ials are also different in aggregates of differing size. Based on these two

characteristics, soil aggregates can be divided into the following four types

(Powlson et al. 1996).
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1. Microaggregates from 2 to 20mm: very stable clusters of highly aromatic

organic substancesbound toclaysand fine silt bybacterial polysaccharides.

2. Microaggregates from 20 to 250mm: stable clusters of silt and sand

particles bound by bacterial polysaccharides.

3. Macroaggregates from250 to 2000mm: formed frommicroaggregates and

coarse sand bound by polysaccharides, bacterial cells and fungal mycelia.

4. Macroaggregates larger than 2000mm: the least stable groups composed

of all of the above, associated with free organic matter and roots and

bound by fungal mycelia.

Soil structure, as well as soil texture, is not uniform in the vertical cross section of

the soil profile. Different horizons might exhibit markedly different structures

according to the soil processes that took place during soil formation. As the

(a) (b)

(c)

(d) (e)

Figure 2.2 Examples of soil structure: (a) massive, (b) single-grain, (c) crumb,

(d) prismatic and (e) blocky structure. Adapted from Gobat et al. (2003).
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particles are removed, transformed and deposited by soil water movement and

as the overburden pressure increases with increasing soil depth, layers of soil

experience markedly different conditions, which lead to differential aggregate

formation (Chapter 3). In addition, the presence and the type of biological activity

within the soil has a great influence on soil structure and aggregate stability.

In any forest, extensive networks of roots penetrate the soil, surround soil aggre-

gates and expand in soil crevices. Roots thus exert pressure, which compacts or

shuffles existing aggregates. A constant supply of organic matter from the roots

gives rise to great and varied biological activity in the soil,many products ofwhich

act as ‘glue’ between soil particles and thus lead to the formation of aggregates.

Polysaccharides, hemicelluloses and levans are prominent among the polymers

that bond soil particles during aggregation. However, being subject to degrad-

ation by several biological agents, the stock of organic compounds in the soilmust

be continuously replenished to maintain aggregate stability.

Soil air

The total volume of space not occupied by the solid fraction is called soil

porosity. Similarly to soil aggregates, empty spaces within the soil vary in their

size, and porosity can accordingly be divided into macro-, meso- and microporo-

sity.Macroporosity comprises voids of diameter larger than 50 mm, which can be

filled with gravitational water or medium roots. Mesoporosity, also called capil-

lary porosity, comprises spaces between 20 and 50mm in diameter that retain

water accessible to plant roots. Finally, microporosity is defined as inter-

aggregate spaces with a diameter smaller than 20 mm and containing water that,

owing to surface adhesion, is not physiologically available to plants. The volumes

of micro- and mesoporosity are greatly dependent on soil texture; the relative

content of macroporous spaces depends on soil structure.

The amount of air in the soil is thus dependent on itswater content and porosity.

Some soil pores, especially the micropores, are likely to remain occupied by water

even when the soil is dry and inaccessible to free exchange of gases. However, if the

soil has aggregate or singular structure and is not flooded, it is likely to be well

aerated and soil organismswill have access to oxygen. The content and the compos-

ition of soil air is an important determinant of forest soil ecology. Plant roots and

other soil organisms absorb oxygen (O2) from soil air and release carbon dioxide

(CO2) as part of their metabolism. Some specialised trees (notably mangroves)

evolved internal tissues that enable them to transfer O2 from aboveground struc-

tures to roots and thus survive anaerobic soil conditions. Most tree species, how-

ever, are not able to tolerate lack of aeration in the soil in the long term.

All gases in a well-aerated soil are subject to movement due to convection and

diffusion.Convection is aprocessdrivenbypressuregradients, duringwhich soil air
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moves fromanareawithhigherpressure toanareawith lowerpressure through the

labyrinth of soil pores. Pressure gradients are driven by fluctuations of atmospheric

pressure, temperature changes, wind gusts or movements of the water table. The

entire air mass moves during convective flow of soil air, regardless of chemical

composition. Diffusion, on the other hand, is driven by concentration gradients

that develop in soil air as a result of soil functioning. This type of gradient causes a

single component of the soil mixture to diffuse from an area of higher to an area of

lower concentration. Thus, in an absence of any pressure changes, O2 will diffuse

from ambient air into the soil, where it is consumed by soil organisms. At the same

time, respiration by the very same organisms increases the concentration of CO2 in

thesoil,whichwill thendiffuseoutof thesoil. Thisdiffusioncanreadilybemeasured

as soil CO2 efflux and is a very good indicator of soil biological activity (Figure 2.3).

The reality of soil air movement is, of course, much more complicated than the

aforementioned two processes. The diffusion of gases within the confines of soil

pores, compared with diffusion in free air, is rather restricted. In addition, a

molecule of gas cannot travel along the concentration gradient in a straight line

owing to the arrangement of soil aggregates and pores; the extra distance it has to

cover is called the tortuosity factor. Tortuosity is greatly dependent on soil struc-

ture, but also on the water content. As the soil wets up after the rain and water fills

up soil pores, the tortuosity increases. In extreme cases all the pores within the

soil fill up with water and the soil becomes waterlogged. Movement of gases is

thus greatly restricted, placing a severe limitation on all processes requiring a

supply of O2. Prolonged anaerobic conditions in the soil induce a series of chemical
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Figure 2.3 Seasonal course of soil CO2 efflux from podzolic soil under a Norway

spruce (Picea abies) stand in northern Bavaria during the 1999 growing season.

Adapted from Subke et al. (2003).
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and biological reduction reactions as the soil system switches to a different

process to gain its energy. Denitrification of nitrate (NO3
�) to nitrite (NO2

�), reduc-
tion of iron andmanganese to their bivalent forms (Fe2þ andMn2þ) or reduction of

sulphate (SO4
2þ) to hydrogen sulphide (H2S) all take place when O2 is limited. Many

organic compounds such as methane or ethene are produced by decomposition of

organic matter in anaerobic conditions and either slowly diffuse or accumulate in

the soil. Permanently waterlogged soils are characterised by a foul smell when

uncovered (H2S), a greyish to bluish colour of submergedhorizons, and the presence

of spotty discoloration, typically just above the water table. A separate category of

waterlogged soils is formed by accumulation of organic matter when its decom-

position is hampered by anaerobic conditions (Chapter 5). Some forest ecosystems

have evolved a certain amount of tolerance to waterlogging, either seasonal or

short-lived, but tree growth in permanently waterlogged conditions is severely

restricted in temperate and boreal regions (Figure 2.4).

2.1.3 Water

The amount of water contained in a unit volume of soil is an important

ecological factor affecting plant growth, microbial activity and several mechan-

ical properties of the soil (plasticity, strength, compactability, etc.). As already

Figure 2.4 Conifer stand growing on a peat bog in the Central Forest Reserve in Russia.

Norway spruce (Picea abies) root systems grew upwards to escape the rising water

level due to peat formation, until above-average precipitation waterlogged the soil

and cut off the oxygen supply to their roots. (Photo: authors.)
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mentioned, water competes with soil air for free pore space and thus controls gas

convection and diffusion through the soil, affecting the activity of soil organisms

and soil oxidation/reduction potential. The hydric regime of the soil, i.e. the

amount and the flows of water it contains, depend on the following three soil

properties: texture, structure and porosity. Between them, they define the

strength of water retention, the speed of water circulation and the volume

available for water holding. The total quantity of water held in the soil at a

given moment is measured as the difference between the mass of a sample

before (fresh mass) and after drying (dry mass), usually at 105 �C. Easily meas-

ured, the total quantity of water is a poor ecological indicator, as it is greatly

dependent on recent precipitation, climatic conditions and the strength of plant

activity. In addition, this measure does not include the chemically bound water

adsorbed onto clay particles, which can be removed only by heating the soil to

several hundred degrees Celsius.

The strength with which water adheres to soil particles, a direct function of

soil texture, determines its availability to living organisms, especially plants.

According to its availability, soil water can be divided into gravitational, plant-

available and plant-unavailable water. Gravitational water, the most mobile part

occupying the largest pores, remains in the soil for only a short period of time

after rainfall. Provided the soil is freely draining, this water is drawn out of the

soil by the force of gravity and quickly percolates away from the soil profile.

The amount of gravitational water reaches zero when gravity is balanced by the

adhesive force between water and soil particles and no more water can drain out

of the soil. This situation is called the drying point, and the amount of water that

remains in the soil constitutes its field capacity. The soil still feels wet, as it

contains plenty of water, which, however, cannot be extracted by gravity alone.

The plant-available water is held by capillary action in soil pores between 50 and

0.2mm in diameter, or covers the surfaces of soil particles in films 5–20nm thick.

This water is freely accessible to plant roots until the permanent wilting point is

reached, when the retentive force between water and soil particles equates to the

maximum suction of the roots. All water left in the soil once this point has been

reached is considered plant-unavailable.

Water in most soils is replenished by rainfall; soils act as a buffer zone

between the atmospheric and aquatic parts of the global water cycle. The soil

surface forms the boundary where the complex partitioning of precipitation

takes place, dividing rainfall into surface runoff, infiltration, evapotranspiration

and groundwater recharge. The most important parameter in this process is the

rate of infiltration, as this determines the amount of water that will become

available in the soil and the amount that will be lost to the ecosystem as surface

runoff. The rate of infiltration is somewhat less of an issue in forest ecosystems
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than in grasslands or arable systems. Forest soils generally attain infiltration

rates far superior to other types of soil, chiefly because their surface is covered by

a litter layer, which hinders lateral movement of surface water and thus greatly

aids infiltration. However, infiltration can be greatly affected by vertical hetero-

geneity of the soil profile, as is the case in some forest soils with well-defined soil

horizons. The presence of a denser horizon with finer texture will slow down-

ward movement of water, causing all superseding horizons to become temporar-

ily saturated.

Once all surface water has disappeared, either by infiltration, surface runoff

or evaporation, the process of water movement continues within the soil. The

downward movement of soil water continues for some time, its rate and dur-

ation determined by soil texture and structure. The upper layers wetted to (near)

saturation do not retain their gravitational water, which moves down the soil

profile to reach the water table at some depth in the soil or in the underlying

parent rock. This process, termed redistribution, slows down as consecutive

horizons increase their wetness, thus reducing the suction gradient between

wet soil near the surface and dry soil at depth. Water redistribution in forest

soils is vitally important as it determines the amount of water retained in each

soil layer and hence the amount of plant-available water. The depth of the

groundwater table also strongly influences forest growth. Despite its name, the

water table is hardly ever flat or steady; its shape is dependent on soil and parent

rock properties and topography. Similarly, the actual level of the water table

oscillates seasonally around its mean level, according to the strength of the

recharge and the outflows. Dry regions usually suffer from a very deep water

table, sometimes beyond the reach of the largest root systems, even if capillary

rise of moisture upwards from the water table is taken into account. Even if the

water table is not too deep and mature trees can reach and utilise it, a low water

table creates an obstacle to forest establishment and young tree survival, owing

to the shallow rooting of small trees. Wet regions or locations, on the other

hand, can suffer from the water table level being too high or too close to the soil

surface. Driven by some combination of high rates of precipitation, high water

retention, topography and low parent rock permeability, this situation is char-

acterised by the development of anoxic conditions either at or very close to the

surface of the soil. Such conditions severely restrict rooting depth, negatively

affecting tree growth and stability.

In order to grow successfully, all plants must obtain sufficient water from the

soil. Since a continuous and even supply of water in any natural ecosystem is an

exception, rather than a rule, plants rely on the soil to provide a buffer and

to even out the highs and lows in precipitation during the growing season.

As already mentioned, the ability of soil to store water greatly depends on its
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texture and structure. Sandy soil with a substantial proportion of large particles

will allow infiltrated water to drain quickly to deeper layers and will not hold

much available water. Clayey soil, on the other hand, restricts water movement,

forcing the rainfall to accumulate at the surface, thus leading to water losses by

runoff or evaporation. Ideally, at least from the soil water availability point of

view, the soil should have an intermediate texture and aggregate structure to

allow for efficient infiltration of precipitation and for achieving optimal water-

holding capacity. Depending on the region and local climate, the water demand

of terrestrial plants may exceed the available supply. Plants have therefore

evolved extensive root systems, which penetrate the soil to perform their pri-

mary role: water (Chapter 5) and nutrient uptake (Chapter 7).

Soil water is never chemically pure. Although rainwater at the point of

condensation in the clouds is distilled, very soon after this it starts to acquire

impurities from the surrounding air. This process is then enhanced during its

descent through the atmosphere as it encounters various chemical substances.

During its movement and residence in the soil, water dissolves additional sub-

stances, which then become part of the soil solution. As the water moves through

the soil profile, driven by gravity or suction gradients, it carries its solute load,

thus redistributing or sometimes washing out various chemical compounds. At

this stage, soil physical properties intertwine with its chemical properties, which

are the focus of the next section.

2.2 Chemical properties

2.2.1 Acidity and alkalinity

Acidity, or its opposite, alkalinity, is one of the most important chem-

ical qualities of the soil as it influences a host of chemical or biological

processes, some of which are entirely dependent on a specific range of acidity

or alkalinity. Ion mobility, chemical dissolution, mineral weathering and nutri-

ent availability are all influenced by soil acidity. Similarly, the very survival of

certain plant or animal species is dependent on the soil maintaining the acidity

or alkalinity to which they have become adapted. Although initially determined

by the composition of the soil’s solid phase, acidity is an attribute of the soil

solution. The interaction between the ions available for exchange at the sur-

faces of clay particles and organic matter (Chapter 3) and the dissolving cap-

acity of soil water determines whether the soil solution, and hence the soil, will

be acidic or alkaline.

Acidity or alkalinity of an aqueous solution is driven by the tendency of

water molecules to dissociate. Although the number of molecules where the

nucleus of a hydrogen atom leaves its original H2O molecule to create an H3O
þ
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cation and an OH- anion is a very small proportion of the total, the conse-

quences of dissociation are rather far-reaching. By definition, in pure water the

concentration of hydroxyl anions (OH�) and hydrogen cations (by convention,

H3O
þ is shortened to Hþ) is balanced: any change in the concentration of one

anion changes the concentration of its counterpart. However, introducing

electrically charged atoms or molecules of other elements can, with lasting

effect, alter the relative concentrations of OH� and Hþ. An excess of Hþ will

result in the solution becoming acidic, whereas the prevalence of OH� results

in an alkaline solution. When the concentrations of the two ions are equal, the

solution is said to be neutral.

The accepted measure of acidity or alkalinity of a solution is pH: the ‘H’ stands

for hydrogen while the ‘p’ is variously referred to as the ‘power of ’, ‘potential’ or

German ‘potenz’. Defined as the negative logarithm of the concentration of Hþ,

measured pH can take any value from 0 to 14. Because the normal dissociation

rate of pure water will result in an Hþ concentration of 10�7 mol l�1, neutral pH

takes the value of 7. Any pH smaller than 7 means an increase in the concen-

tration of Hþ (acidic conditions). Conversely, pH higher than 7 signifies a drop in

the concentration of Hþ and therefore alkaline conditions. Because pH is defined

as a logarithmic function, a unit change in pH, say from pH 4.0 to pH 3.0, will

result in a ten-fold change in the Hþ concentration – from 10�4 to 10�3 mol l�1.

The pH of forest soils may vary quite widely, depending on the chemical

composition of parent material and the type of dominant vegetation. The pH

of certain nutrient-poor podzolic soils in the boreal region can be as low as 3,

whereas the pH of soils that have developed on calcareous rocks can reach 8.

Organic soils that contain thick layers of undecomposed organic material tend to

be acidic. As a general rule of thumb, the lower the pH of the soil, the lower the

availability of nutrients and vice versa. Because rainwater is naturally acidic,

owing to the dissolution of atmospheric CO2, precipitation tends to cause nat-

ural acidification in most soils. This process is usually very slow and can be

buffered by the products of mineral weathering. The natural acidity of rain was

greatly increased by industrial pollution, leading to rapid acidification of some

forest soils (Chapter 9). Soil acidification is often associated with solubilisation

and leaching of essential nutrients and with increases in the concentrations of

potentially toxic heavy metals. This process has negative impacts on the func-

tioning of forest soils, on the survival of certain groups of organisms, and

sometimes on the stability of the whole forest ecosystem.

Because of the cation exchange capacity of most soils (see next section), each

soil will actively resist the change of its pH by the acidity of rainfall. Cations held

in this ‘bank’ are released into the soil solution in substitution for Hþ ions, thus

countering increasing acidity. Depending on the existing pH, we can recognise
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several buffering stages according to the type of mineral that provides the

exchange capacity, as follows.

1. pH 8.6–6.2: carbonates

2. pH 6.2–5.0: silicates

3. pH 5.0–4.2: clay minerals

4. pH 4.2–2.8: aluminium hydroxides

5. pH below 3.2: iron hydroxides

In a hypothetical calcareous soil undergoing all stages of acidification, Ca and

Mg cations held in carbonates would be released in the initial stages, culminat-

ing in the release of toxic aluminium and iron forms. The knowledge of the

currently active buffering stage can thus convey information about the history

of the soil and its future capacity to counter acidification.

2.2.2 Cation exchange capacity and nutrient availability

There is one important soil texture parameter that directly influences

soil cation exchange capacity (CEC): its clay content. Whereas sand and silt are

predominantly composed of grains of primary minerals resistant to weathering,

which by definition do not participate in chemical exchanges, the clay fraction

consists of several types of secondary mineral formed by chemical transform-

ations of weathering products. The most common group of clay minerals found

in the temperate and boreal regions is the aluminosilicates, whereas tropical

soils are characterised by a dominance of iron and aluminium oxides. Owing to

their complex origin, clay minerals are not uniformly distributed, but are found

in mixtures determined by the character and the duration of the pedogenic

processes that led to their formation.

Aluminosilicates are composed of aluminium (Al), silicon (Si) and oxygen (O)

atoms, forming laminate microcrystal structures. The crystals usually take the

shape of either a tetrahedron of four oxygen atoms surrounding an Si4þ cation,

or an octahedron of six oxygen atoms surrounding a lesser-valency cation such as

Al3þ or Mg2þ. The hedrons of each type typically form a single-layered structure

about 0.5 nm thick. Clays are then formed from layered arrangements of such

sheets, either in a 1:1 or a 2:1 structure of tetra:octahedral sheets. Kaolinite, a

common clay mineral of 1:1, consists of one tetrahedral sheet attached to one

octahedral sheet by shared oxygen atoms. Similarly, a 2:1 type mineral such as

smectite consists of a single octahedral sheet sandwiched between two tetrahe-

dral networks. In an idealised form, each clay particle would be formed by

multiple units of the same composition stacked up to form a complex layered

structure. However, impurities or structural defects during crystal formation

result in isomorphous replacement of cations in the chemical structure of clays.

22 Soil properties



If Si4þ is replaced by a lesser-valency cation, negatively charged regions occur

both internally and around the edges of clay particles. This effect forms the basis

of cation exchange capacity in the soil. Negatively charged clay particles, some-

times forming organo-mineral complexes with soil organic matter (Chapter 3),

are thus able to attract and exchange positively charged cations dissolved in the

soil solution. Clay minerals differ in their capacity to store cations, because of

differences in their shape, their surface or their charge density (unit charge

stored per unit surface area, Table 2.1). The quantity of cations that a clay

mineral can accommodate on its negatively charged surface is measured as

milliequivalents (meq) per 100 g. The negative charge and the cation exchange

capacity of clay particles is rather stable, the activity or inactivity of the

exchange determined only by the presence of soil solution and therefore the

state of hydration of these particles. However, the CEC of some organic com-

plexes or iron and aluminium oxides is pH-dependent. As they adsorb increas-

ingly available Hþ cations in low pH conditions, they may even switch their

overall charge from negative to positive, thus cancelling their CEC altogether.

When wet, clay particles are covered by a microfilm of soil solution, which

facilitates the movement and the exchange of charged cations. The cations are

loosely held at the particle by adsorbtion to its negatively charged surface. The

cations do not become an integral part of the crystal structure, they are

available for free exchange with the surrounding soil solution. The process of

exchange is driven solely by concentration gradients and by the strength of the

bonds between the clay particle and the individual cations. Not all elements

adhere to the negatively charged clay particles with the same force; the relative

strength of retention increases in the order Naþ < NH4þ < Kþ < Hþ < Mg2þ

< Ca2þ < Al3þ < [Cd2þ, Cu2þ, Fe2þ, Hg2þ, Mn2þ, Zn2þ]. The potency of the

association depends on the cation valence, atomic radius, degree of hydration

and soil pH.

Defined as the base cation (Ca2þ, Mg2þ, Kþ and Naþ) fraction of total exchange-

able cations, the base saturation is loosely related to the CEC. As mentioned

above, cations of many elements can be adsorbed onto the CEC, but only the base

cations will augument soil acidity when released into the soil solution. The

higher the base saturation, the greater the capacity of the soil to neutralise

acidification. In reverse, base unsaturation of the exchange complex means that

a high proportion of the CEC is occupied by Hþ and the soil is very sensitive to

acid deposition. Knowledge of the base saturation and the retention force that

keeps various cations adsorbed in CEC is important, as these two factors control

the release of toxic heavy metals into the soil solution. Soil with high base

saturation will be better able to control acidification, and therefore avoid the

release of toxic elements, than soils with low base saturation.
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2.2.3 Salinity

Soil salinity refers to harmful concentrations of electrolytic mineral

solutes in the soil solution, both as cations (Naþ, Ca2þ, Mg2þ and Kþ) and

anions (Cl�, SO4
2�, HCO3

�, CO3
2� and NO3

�). All of these ions are essential

for normal plant growth and soil functioning, but become inhibitory when a

certain threshhold is exceeded. Soil salinity has several origins: intrinsic salt

content of the soils’ parent material, redistribution of salt by water flow from

higher ground into valleys that lack natural drainage and, most commonly,

high groundwater tables, which enable capillary rise. In coastal areas, soil

salinity can also be the result of seawater spray by high winds or seawater

penetration into underground aquifers due to sea level rise or excess fresh-

water extraction. In arid areas, soil salinity is mainly the result of high evapor-

ation rate, a process during which an upward movement of soil water leads to

salt deposits on or close to the surface. Soil salinity is not a major issue in

temperate or boreal forests, where annual precipitation usually

exceeds evapotranspiration, leading to a downward flow of soil solution, which

Table 2.1 Cation-retaining capacity of soil constituents and common soil horizons

Constituent or horizon type CEC, cmol (þ) kg�1

Minerals

1/1 clay mineral – kaolinite 2–15

2/1 clay mineral – illite 10–50

2/1 clay mineral – montmorillonite 80–150

2/1 clay mineral – vermiculite 100–150

2/1/1 clay mineral – chlorite 5–40

Allophanes (oxyhydroxides) 5–350

Organic materials

Scarcely humified organic matter, peat 100

All soil organic matter in situ 60–280

Pure humified organic matter 200–500

Pure humic acids 485–870

Pure fulvic acids !1400

Pedological horizons (selected)

Sandy soils, C horizons 1–5

Podzol on sand, E horizon 12

Alocrisol on weathered silt, Sal horizon 18

Rendisol, on loess, Aca horizon 28

Humic-clayey soil, A horizons 60–80

Source: Adapted from Gobat et al. (2004).
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minimises the risk of salts accumulating near the surface. However, global

climate change scenarios (Chapter 11) predict rising temperatures and declin-

ing rainfall in some parts of this region. At the present, reforestation of soils

suffering from excess salt content is one of the most practical and effective

strategies to solve the problem of soil salinity. Trees phyto-remediate the soil

by lowering the saline water table, by utilising underground water and by

decreasing the rate of evaporation (Barrett-Lennard 2002). Taking climate

change and soil remediation efforts into account, saline forest soils might

become of greater importance in the future, even in areas where they are not

present at the moment.

2.3 Soil organic matter

2.3.1 Litter

All living organisms found in terrestrial ecosystems deposit the organic

matter from which they are composed in or onto the soil. All living soils are

therefore enriched in compounds of organic origin, especially at or near the

surface. As soon as organic deposits, generally called litter, reach the soil, a

complex chain of breakdown and transformation ensues in order to free the

energy stored in chemical bonds by photosynthesis (Chapter 6). The total organic

content of the top horizon of a virgin soil in the first stages of its development is

negligible. On the other hand, waterlogged organic soils, where the breakdown

of organic matter is impeded by the lack of oxygen, may contain very nearly

100% organic material. Taken altogether, the amount of organic carbon in soils

on the Earth exceeds the amount of carbon held in the atmosphere and bio-

sphere combined (McCarthy and Intergovernmental Panel on Climate Change

2001). Organic matter in soils forms a complex mixture of compounds and is an

important constituent of its physical, chemical and biological activity. It acts as

an energy source and a growth medium, partly determines soil structure, aggre-

gation and porosity, and affects water infiltration and soil aeration.

The first stage of organic matter, usually just after it has entered the soil, is

termed litter. In its broadest sense, this term encompasses all organic matter

available for decomposition and as a source of energy. This definition includes

all recently dead organisms, their parts that have been shed, animal excrement,

and organic compounds directly released into the soil by the organisms inhabit-

ing it. A more common definition of litter, especially in forestry context,

narrows this down to the plant material deposited onto the soil and forming

the basis of the organic horizon at the top of the soil profile. Sometimes this

definition can be broadened to include two categories: aboveground and below-

ground litter. The former refers to plant material fallen onto the soil from the
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forest canopy, the latter to organic matter originating from dead roots. Most

published data, such as those in Table 2.2, report only the aboveground contri-

bution. This bias is largely due to the laboriousness and difficulty of obtaining

reliable and realistic observations of belowground litter production. It is esti-

mated that belowground biomass constitutes a large proportion of the total

forest primary productivity, sometimes as much as 60% (Waring et al. 1998).

This puts the belowground litter deposition on a par with its aboveground

equivalent: plant root systems and their constant turnover contribute signifi-

cantly to the total amount of litter in forest soils (see also Chapter 11).

According to its chemical composition, forest litter can be divided into two

types. Ameliorating litter, easily decomposable litter produced by broadleaved

trees such as maple (Acer), lime (Tilia), willow (Salix), elm (Ulmus), etc., is rich in

nitrogen and cellulose, but relatively poor in lignin. This type of litter supports

the activity of soil-dwelling organisms, partly because it provides a readily

accessible source of energy from cellulose, and partly because of its high nitro-

gen content, especially valuable in nitrogen-limited boreal forests. This type of

litter tends to be quickly taken apart and incorporated into the soil, ameliorat-

ing its physical properties in the process. Acidifying litter, on the other hand, is

relatively poor in cellulose and nitrogen, but rich in lignin. Needles of coniferous

trees fall into this category, together with heather and rhododendron litter. This

type of litter usually accumulates on the soil surface, owing to its slow rates of

decomposition. Moreover, organic acids released during its eventual breakdown

Table 2.2 Annual aboveground litter production and estimated global mass of major

plant formations

Vegetation

Annual fall of aboveground litter,

t ha�1 y�1

Total mass on the

Earth, 109 t

Arctic and alpine tundra 1.0–4.0 8.0

Shrub tundra, thickets 2.5–5.0 5.1

Boreal spruce forest 3.5–7.5 48.0

Temperate deciduous forest 11.0 14.0

Savanna 9.5 3.0

Semi-desert 0.6–1.1 0.4

Equatorial and tropical forests 20.0–40.0 7.2

Temperate grassland 7.5 3.6

Cultivated lands, agricultural

ecosystems

0.3–2.0 1.4

Marshy zones 5.0–35.0 5.0

Source: Adapted from Gobat et al. (2004).
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inhibit bacterial activity and contribute to the acidification of the soil. Podzol

soils found under many boreal forests typically have an acidic litter horizon,

which releases organic acids that contribute to the bleaching of subsequent

elluvial horizon. The content and accessibility of energy and nutrients locked

in litter, in other words its quality, can be estimated by measuring its ratio of

total carbon to total nitrogen. This C:N ratio is a key indicator of litter decom-

posability: a high ratio, around 30:1 or more, signifies litter rich in energy,

whereas a low ratio identifies litter rich in nitrogen. Since most aboveground

litter consists of foliage, it is important to note that the majority of tree species

in temperate and boreal forests remove (retranslocate) up to 50% of foliar

N content prior to shedding leaves. In general, the C:N ratio of tree tissues

increases from leaves to fine woody to coarse woody structures. The C:N ratio

of foliage is much lower (19–66) than that of wood (250–2500); fine roots have

been reported to have C:N ratios of 23–266 (Snowdon et al. 2005). The mass of

decomposing litter decreases in time, but its C:N ratio can either increase,

decrease or stay constant, depending on soil conditions. As a rule of thumb,

however, the ratio of carbon relative to nitrogen decreases as a result of

biochemical action by soil organisms, which break down carbon chains to

free the energy and release CO2. The most recalcitrant forms of organic matter

found in the soil, called humus, have very low C:N ratios, around 0.1.

2.3.2 Humus: inherited and humified organic substances

All mature forest ecosystems generally attain equilibrium between the

litter inputs and its decomposition. Forest soils contain a mixture of organic

materials distinguishable by their age. The newest forms are the recently

deposited litter, which undergoes rapid decomposition; the oldest forms are

the most stable compounds, resistant to any further breakdown. This oldest

fraction of organic compounds is called humus. Consisting of polysaccharides,

polyuronides, amino acids, and aromatic and aliphatic compounds, it forms a

mixture of organic compounds characterised by high molecular mass. Having

reached the final stage of decomposition, humus remains can persist in the soil

for centuries, if not millennia. Humus is usually dark brown in colour and even

in small concentrations can change the appearance and hue of the soil. It exists

in colloidal form, which has very high affinity for soil particles, leading to the

humus being referred to as ‘soil glue’. This stickiness is the reason behind soil

aggregate formation, giving humus a key role in defining soil structure.

Since individual constituents of humus are invisible to the naked eye, its

chemical composition remained a mystery for a long time. Initially, humus

was divided somewhat arbitrarily into groups according to the extraction

reagent used to isolate a particular fraction. Thus, water-, alcohol-, acetone- or
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acid-extractable humus fractions were defined, usually not having any connection

with the functionality of humus compounds (Section 6.4.2). The recent develop-

ment of advanced analytical equipment allowed for a more distinct characterisa-

tion of humus into functional groups, but the identifiable compounds often

constitute only 10%–15% of total humus mass (Troeh and Thompson 2005). Often,

the recognisable compounds are considered to be too unstable to be considered

humus. The truly stable compounds, referred to as humic materials, have trad-

itionally been divided into humic acids, fulvic acids and humin. The humic and

fulvic acids can be extracted by NaOH solution and result in a brown or black

colour of the resulting extract; the humin fraction can be isolated by NaOH–HF

extraction. Humic materials are major components of soil organic matter; how-

ever, at present we are still discovering all their roles and functions. Full charac-

terisation of humic materials and their interactions with other soil particles may

provide a more fundamental understanding of their importance in soils.

Athough certain humic substances, such as lignin and some proteins, are

directly inherited from plant litter, most humus consists of secondary com-

pounds formed during humification. It is very difficult, if not impossible, to

separate the two groups. Humification can result in a huge array of aromatic

compounds with varying degrees of polycondensation. The proportion of

inherited and humified compounds in the soil is very variable and changes

according to horizons or type of vegetation. A direct comparison of humic

material content and composition data from different sources is often mislead-

ing, as extraction and separation often differ to some degree.

2.3.3 Organo-mineral complexes

Organic matter found in the soil ranges from large pieces of woody

debris undergoing initial stages of decomposition, to molecule-sized humified

organic compounds, which directly interact with the soil’s mineral fraction.

Owing to its physical and chemical properties, the latter group has a high

affinity for clay particles, with which it forms organo-mineral complexes. The

term ‘complex’ is restricted to cases where adsorption is the dominant mechan-

ism. By definition, all interactions associated with this complex originate at the

molecular level, generally consisting of interactions between molecules of

humic compounds and the clay particles. However, effects of these interactions

can be seen at far greater scales: soil aggregates are one of the results of organo-

mineral associations. More than half of the total soil carbon is held in organic

molecules adsorbed onto clay and held by strong bonds, significantly increasing

the residence time of carbon in the soil. Several physical properties of the soil,

not least its structure, are directly linked to organo-mineral complexes, affecting

soil functioning and stability.
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Figure 2.5 Organo-mineral associations, their scale and major binding agents.

Adapted from Lal (2006).
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The incorporation of oxygen into large organic molecules during decompos-

ition in aerobic conditions generates many active, negatively charged sites,

which attract positively charged cations present in the soil solution. Humus thus

has a direct effect on the cation exchange capacity of the soil. Similarly, the

presence of electrical charge on the surface of humic macromolecules increases

their affinity with clay particles. High-molecular-mass polymers are usually irre-

versibly attached to clay, leading to the formation of extremely stable organo-

mineral complexes. Organo-mineral complexes alter the reactivity of both their

organic and mineral constituents, thereby affecting the retention and transform-

ation of cations, trace metals, pollutants and pesticides in the soil. Many organic

compounds are retained in the soil for longer than would be expected, simply

because their adsorption by these complexes protects them from decomposition.

A change in environmental conditions that affects organo-mineral complexes

might lead to the release of otherwise inaccessible metals or other pollutants

into the soil solution. The interaction between organic matter and clay minerals

at this scale is a dynamic and often reversible process that alters the properties

and the functioning of the soil as a whole.

From the previous paragraph, it would appear that once humus is adsorbed

onto clay particles it remains forever a stable part of the soil. This is true to some

extent: unless environmental or ecological conditions change, the flow of

organic matter will retain its equilibrium. Humus will stay in the soil and its

stock will be replenished by the continuous processes of decomposition and

humification (Chapter 6). However, if the conditions are changed by either

natural or – more frequently – anthropogenic factors, the equilibrium flow of

carbon in the soil is disrupted and some or all of its humus content is lost.

Starting with burning of forests to clear the land during the Paleolithic period,

and later by greatly expanding arable agriculture, humans have substantially

altered the carbon balance of many soils. If the soil is cultivated without

adequately replenishing its organic matter, or if its status is altered by drainage,

ongoing decomposition by microbes will eventually cause the breakdown of

humus itself. A deterioration of soil structure and aggregate stability ensues,

followed by decreasing fertility and greater risk of wind or water erosion.

2.4 Soil fertility

Soil properties directly affect the growth and survival of every terres-

trial plant throughout its growth cycle, from seed germination, through seed-

ling establishment and subsequent growth, all the way to maturity and

eventual propagation. At all these stages, the plant is dependent on the soil

for the provision of anchorage, water, nutrients or root aeration. In its simplest
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form, soil fertility can be imagined as a sum of all the services it provides to

growing plants. That, however, is a plant-centric definition of soil fertility,

which was fine for as long as crop production was the only perceived role of

the soil. A slightly different view of soil fertility emerged towards the end of the

twentieth century, as other environmental benefits and services of soils started

to emerge. This approach integrates the needs of humans with those of other

living creatures and of the planet itself, since the soils are an essential part of

the biosphere.

In terms of supporting optimal plant growth, nutrient availability is probably

the soil property most directly linked to soil fertility. The total provision of

chemical substances found in a soil is called its natural fertility. As well as the

supply of cations by its cation exchange capacity, natural fertility includes the

availability of anions essential for growth such as nitrate or phosphate. In

agronomy, natural soil fertility may not be sufficient to support required crop

production, or may become exhausted by successive crops and need to be

augmented by fertilisation. Termed acquired fertility, this property is relevant

even in a forestry context, especially in boreal forests growing on nutrient-poor

soils, some of which need to be limed to improve their cation availability.

One important element of soil fertility is that it is intimately linked to the

ecosystem that shaped the development of the soil and which, if left in its

natural state, continues to maintain the soil’s stability and fertility. Taking a

look at a tropical forest, one might conclude that all that lush and rapid growth

is supported by a very fertile soil. However, the contrary is true: tropical soils are

usually extremely weathered and nutrient-poor and their nutrient and carbon

cycles are very tightly managed by the forest itself, with very little leaching of

essential compounds. As soon as the forest is cleared and the soil converted to

agriculture, its leftover nutrient content is quickly exhausted, rendering the soil

‘infertile’ in the longer term. Soil fertility can thus be maintained only through

continuous re-supply of organic material, which preserves soil structure by

ensuring correct functioning of all groups of soil organisms.
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3

Forest soil development
and classification

The development of forest soils is a continuing and complex process

during which climate, vegetation and the emergent soil influence each other.

Thousands of years pass before forest soil is fully developed, but owing to

continuously changing climate conditions this process is never finished as the

soil adjusts to each new environment. All three factors form an interdependent

complex: when one of them changes the remaining two are altered before a new

equilibrium is reached. Continuity of forest cover over a developing soil usually

results in well-defined stratification of the soil profile. The layering of soil

horizons reflects the physical and chemical characteristics of the parent rock,

the prevailing vegetation and the amount of time that has passed since soil

development was initiated.

Eventually, a series of differentiated soil horizons typical of a forest soil

develops. Plant and animal litter deposited onto the surface forms an organic

O horizon composed exclusively of organic matter in increasingly advanced stages

of decomposition with increasing depth. Mixing of organic matter with the min-

eral fraction leads to the development of an A horizon, typically dark or black in

colour with a high nutrient content. The A horizon is sometimes followed by an

E (eluvial) horizon, a nutrient-poor layer of bleachedmineral fraction, which forms

in soils where sufficient precipitation causes leaching and removal of chemical

compounds. A zone of accumulation termed the B (illuvial) horizon is found

underneath the E horizon, followed by the C horizon, which is defined as amineral

layer of parent rock little affected by soil-forming processes. Each of the horizons

can be further sub-divided to reflect particular conditions or characteristics. This

description of soil horizons forms the basis of soil classification. The soil layering,

plus certain other characteristics such as pH, water and organic matter content,

are the determinants of forest soil type or class and ultimately of its fertility.
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3.1 Soil development

As mentioned in section 1.2, there are five main factors that influence

the formation of all soils: climate, relief, parent rock, time, and living organisms.

Some authors do acknowledge the influence of other factors, such as hydrogeo-

logical conditions or the actions of people, but these can fairly easily be included

in one or several of the five main factors. Any specific combination of soil

formation factors leads to the development of a particular soil. Forest soils

develop if the dominant form of vegetation is closed canopy forest, characterised

by specific microclimatic conditions and organic matter inputs. The aforemen-

tioned soil formation factors do not all play a direct role in soil formation and

development; however, they do provide specific conditions for soil formation

processes to take place.

3.1.1 Soil formation processes

Soil development is a sequence of many processes, some of them rela-

tively simple and straightforward in their nature, others integrative and complex.

Many attempts have been made at the classification of pedogenic processes, each

based on different initial assumptions. As a consequence, no single classification

has been accepted as universal, and several are in use. One of the most useful

classifications is probably that which recognises two broad categories of soil

formation process: universal and specific. The universal processes are common

to all soils found on Earth. All of these processes must be present in a fully formed

soil, either at present or at some point in the past. Specific processes, on the other

hand, do take place only if certain conditions aremet and lead to the development

of different types of soils. Some of the universal processes have been touched upon

previously (section 1.2), but their full list can be specified as follows.

1. Changes of distribution, composition and stratification of the solid phase

1.1. Weathering and mineral formation

1.2. Mineralisation, humification of organic matter

1.3. Creation and transformations of organo-mineral complexes

1.4. Creation, stabilisation and transformations of soil aggregates

2. Phase changes

2.1. Freezing, thawing, evaporation and condensation of water

2.2. Adsorption of water

2.3. Adsorption and release of compounds

2.4. Biotic immobilisation and mineralisation

3. Movement of compounds

3.1. Aeration and soil air movement (diffusion)

3.2. Movement of water
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3.3. Translocation of suspended or dissolved compounds

3.4. Soil turbation

3.5. Translocation of compounds by biota

All of the universal processes are part of the development and normal function-

ing of soils. If the soil is to perform its basic functions, the foremost of which is

supporting terrestrial life, all of these processes must combine to ensure timely

and sufficient supply of water, nutrients, anchorage, cover, etc. For example, no

soil is able to continue its normal development or functioning if the movement

of soil air or organic matter decomposition is hindered by an external factor. In

most cases, the soil will continue its existence and will support life, but its

development trajectory and its character will be severely altered.

Combinations of soil formation factors lead to different conditions within the

profile, some of which facilitate or prevent certain soil formation processes. Such

specific processes are often the key feature of a particular soil: they exert a large

influence on its functioning, fertility or biota. Soil classification is mostly based

either on the presence or the end result of such specific processes, whose influ-

ence is behind the differences or similarities among soil types. The following is a

brief description of the most significant specific soil formation processes; this is

of importance, as most of these processes can clearly be identified in particular

forest soils.

1. Transformations of mineral constituents

(a) Cryoclastic weathering. Driven by repeated freezing and thawing,

this type of weathering results in fragmentation of parent rock

material, often to the smallest-sized particles. Common espe-

cially in the sub-alpine and sub-arctic climates, this process

affects soils in montane and boreal forests.

(b) Sialitisation. Mildly intensive chemical weathering of minerals.

Occurs in mild climates and results in the removal of easily

soluble salts and silica.

(c) Ferralitisation. Strong chemical weathering taking place in trop-

ical soils, usually the dominant process leading to the forma-

tion of oxisols. Practically all weatherable minerals are removed

from the sand and silt fractions, leaving red-coloured soil

mostly composed of sesquioxides, caolinite, gibbsite and iron

compounds in the clay fraction.

(d) Rubefication. A process typical of sub-tropical climates with

strong seasonal variability of soil moisture. The red hue of the

soil is caused by the presence of iron oxides such as hematite or

amorphic oxides adsorbed onto clay particles.
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2. Accumulation and transformations of organic matter

(a) Formation of various humus types (mull, mor, moder or peat)

is greatly dependent on soil conditions. Some transformations

of organic matter will only take place in specific conditions,

such as presence or absence of molecular oxygen, high or low

pH, etc.

3. Aggregate formation

(a) Biogenic. Creation of soil structures by the activity of soil fauna.

The most prominent organisms involved in biogenic aggrega-

tion are earthworms. Soils with healthy earthworm populations

contain large amounts of aggregates in the form of earthworm

casts.

(b) Cryogenic. Soil particles are pushed together by pressure exerted

by expanding soil ice. This process can lead to the formation of

stable aggregates. Usually restricted to colder climates.

(c) Hydrogenic. Mainly found in cold and humid regions, hydrogenic

(or hydromorphic) aggregate formation takes place in soils

developed in the presence of water standing within the profile

for prolonged periods.

(d) Technogenic. Soil aggregation resulting from direct anthropogenic

influence, such asmovement of heavymachinery, occurs in forest

soils under intensively managed forests.

4. Mixing of structural elements

(a) Bioturbation. The physical rearrangement of soil structure by the

biotic component of the soil. Bioturbation is especially import-

ant in forest soils where surface organic matter is mixed with

mineral constituents, such as some deep brown soils in temper-

ate regions.

(b) Cryoturbation. Refers to the vertical movement and mixing of

materials due to repeated freezing and thawing. Ice wedges

form during periods of freezing; their expansion leads to heav-

ing and to distinctive separation of fine and coarse particles.

(c) Hydroturbation. The mixing of soil due to repeated swelling and

shrinking, which occur with repeated changes in soil moisture.

This process is most prominent in soils rich in clay, where the

shrinking and expansion of clay forms deep cracks, which fill up

with surface material. This mixing effectively prevents the for-

mation of soil horizons.

(d) Technoturbation. Not a prominent process in forest soils, the term

refers to the mixing of soil particles by machinery.
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5. Phase changes and transportation

(a) Desalinisation. Movement or removal of easily soluble salts; due

to their rapid movement such salts persist only in the soils of

dry regions. Since most temperate and boreal forests have a

positive precipitation balance, desalinisation is of a minor

consequence.

(b) Decarbonisation. Removal of salts more resistant to solubilisa-

tion, such as calcite or dolomite. Usually a long-term process,

often associated with soil acidification.

(c) Debasification. Removal of base cations from the soil exchange

complex. Occurs when the cation removal by precipitation and

leaching exceeds cation supply from mineral weathering. If two

soils develop from identical parent rock, the soil developing

under the higher precipitation regime will eventually have a

lower base saturation.

(d) Illimerization. Refers to the downward movement of clay par-

ticles belonging to the finest fraction (smaller than 0.2 mm).

Other soil colloids such as humus compounds or colloids of

Fe, Al or Si are also moved, leading to the formation of horizons

depleted and enriched in clay. Deposition of compounds and

particles suspended in percolating soil water results frommech-

anical filtration or from changes in physico-chemical conditions

(pH, temperature).

(e) Podzolisation. A process frequently occurring in the boreal

zone, where soil conditions lead to the movement of Al, Fe

and organic compounds from the top to the bottom parts of

the soil profile. The following three conditions must be pre-

sent for podzolisation to take place: low soil pH (usually

under 5.0), formation of the mor humus type, and ample

precipitation.

(f) Gleying. A process specific to conditions of temporary or perman-

ent soil flooding, gleying occurs when 80% or more of soil pores

are occupied by water. This situation leads to anoxic conditions;

most Fe ions are eventually reduced to bivalent forms and

create secondary aluminosilicates in reactions with Al and Si.

These compounds give gley soils their typical grey colour.

6. Movement and accumulation of compounds in soils

(a) Hydroaccumulation of sesquioxides. A process closely linked to gley-

ing. Sesquioxides form in anoxic conditions when the soil pro-

file is flooded by water. Some of these compounds are soluble
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and are therefore moved and deposited by percolating precipi-

tation or by the gravitational movement of soil water, often

over considerable distances.

(b) Hydroaccumulation of carbonates. Similarly to sesquioxides, car-

bonates are dissolved and moved by soil water. In conditions

favouring carbonate formation, such as increasing concentra-

tion of Ca(HCO3)2 due to evaporation or decreasing partial pres-

sure of soil CO2, carbonates form solid particles of varying sizes

or may form solid crusts within the soil.

(c) Salinisation. Refers to accumulation of salts within the soil pro-

file, usually at or close to the surface. Accumulation of soil

water rich in dissolved salts in locations with high evaporation

and therefore high capillary lift results in deposition of salts.

This process may result in high concentrations of salts, which

hinder plant growth; such an effect is, however, observed

almost exclusively in arid regions or in areas with extensive

irrigation.

From the brief description of all these processes it is clear that some of them

affect soil development only in a particular soil, whereas others have an influ-

ence at larger scales. For example, bioturbation or gleying is likely to happen

only in specific locations, whereas hydroaccumulation can link two soils that are

some distance apart. Large-scale processes are especially prominent in the pres-

ence of slopes and valleys characterised by strong lateral groundwater flow.

Erosion, solifluction or material transportation all affect soil formation if pre-

cipitation is sufficient and belowground movement of water is not obstructed by

impermeable barriers. Rather than vertically moving compounds or materials

within a single soil profile, percolating precipitation can move and deposit these

materials over considerable distances.

3.2 Soil profile

The ultimate result of soil development is a specific soil, which bears the

signs of all the processes that took place during its formation. Once the soil is

exposed by digging a pit or by a roadside cut, its internal layering can be easily

observed. These layers, each characterised by colour, composition, structure and

thickness, are called soil horizons and their vertical arrangement is known as

the soil profile. The term profile relates only to the two-dimensional ‘face’ of the

soil; a three-dimensional soil monolith is called the pedon. The developmental

history and the present functioning of the soil can be discovered by describing
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and measuring the properties of soil horizons. Some of the properties, such as

colour or thickness, can be established in situ without specialist instrumentation.

Others, such as chemical and mineral composition or microbial species richness,

can only be quantified by taking a sample and subjecting it to special laboratory

tests. A soil horizon is often defined as a layer of material parallel to the soil

surface, which differs in its characteristics from layers immediately above and

below (Figure 3.1). Each soil has at least one horizon; in general, the older the soil

the more and better defined horizons it will contain, as the soil formation

processes will have had more time to differentiate the horizons.

3.2.1 Soil horizons

Soil science uses capital letters O, A, E, B, C and R to identify master

horizons, which, if necessary, are further divided to accurately describe their

layering and characteristics. Although this labelling is fairly general, some

differences exist among some of the soil classification systems, as is discussed

later. Not all these horizons are present in all soils; some only develop in specific

conditions, and others might have been destroyed by mixing during ploughing.

The letter sequence relates to the vertical arrangement of the horizons. If present

the O horizon is at the top and the R horizon at the bottom of the soil profile.

O

Horizons 0 cm
2 cm

10 cm

30 cm

48 cm

A

B

C

Figure 3.1 Soil profile and pedon of a grassland soil with four soil horizons.

Reproduced with permission from the USDA website, http://soils.usda.gov/education/

resources/K_12/lessons/profile/profile.jpg.
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The following is the brief description of each chief horizon with details of some

of its variations commonly found in temperate and boreal forest soils.

(a) O horizon. Plant or animal litter layer at soil surface, usually in various

stages of decomposition. This layer is also known as the litter or humus

layer and can form a distinct layer of varying depth or compose the entire

thickness of the soil in the case of organic soils. According to the degree of

organic matter decomposition it can be divided into Ol (undecomposed

litter), Of (fermentation or fragmentation layer) and Oh (humus layer).

(b) A horizon. The top layer of themineral soil, characterised by the accumu-

lation of organic compounds, which give it its typical dark or black

colour. This is the soil layer with the highest biological activity; most

types of soil organism inhabit this layer and interact with plant roots. It

contains up to 30% of humus. According to the chemical composition and

humus quality, wemay recognise Am (mollic¼ soft), Al (melanic¼ dark),

Ae (spodic, elluvial ¼ washed out), Ao (ochre ¼ pale), Aa (andic ¼ dark).

(c) E horizon. Refers to the eluviated horizon often found under the

A horizon in older, well-developed soils. The dominant process taking

place in this horizon – eluviation – results in the leaching of organic

and/or mineral content. The leaching process leaves a bleached mineral

horizon characterised by its pale colour, mainly composed of silicates.

Depending on the dominant process leading to the development of the

E horizon, we may classify it as Es (spodic, pozdolisation), Ecn (concre-

tions in pseudogley) or Eg (hydromophic).

(d) B horizon.Mineral horizon inwhich the parentmaterial has been consider-

ably altered byweathering and deposition of silicate clay, carbonates, iron,

aluminium or organic compounds. This deposition is the reason behind

the brown colour of this horizon, which is often substantially darker than

the horizons immediately above it. The main distinguishing factor is the

fact that the B horizon has formed as subsoil (there are horizons above it)

and that it is significantly different from theparentmaterial. Accumulated

organic matter may be evident in this horizon (Bh), as can clay accumula-

tion (Bt), significant amounts of exchangeable sodium (Bn), uniform

browning due to oxidation of iron (Bm), and mottling and gleying of

structurally altered material associated with periodic reduction (Bg).

(e) C horizon. Layer or layers of fragmented parent material not altered by

weathering or transformations. All mineral components of the soil

originate from this material. The C horizon contains very little humus,

although tree tap roots sometimes penetrate this horizon in search of

water. The conditions in specific soils might lead to changes in structure
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or chemical composition, such as gleying (Cg), accumulation of calcium

and magnesium carbonates (Cca) or soluble salts (Cs, Csa).

(f) R horizon. Hard and essentially unbroken bedrock, very difficult or

impossible to excavate even when moist. Small cracks filled with broken

material are sometimes present and may be occupied by the deepest-

growing roots. The boundary between the R horizon and any overlying

unconsolidated material is called the lithic contact.

3.2.2 Soil depth

Soil horizons found in forest soils can differ significantly in their thick-

ness; as a result, the overall depth of the soil can vary to a great extent. There are

several points of view from which we can consider soil depth. Total depth is the

overall thickness of the loose material, from the soil surface down to the

unbroken layer of parent rock. Soil water can percolate all the way through

the total depth of the soil, similarly to the roots of deep-rooting plants, which are

able to reach down to the parent rock. The zone where soil formation processes

are or have been most active, usually comprising all layers above the B horizon, is

known as the solum. The solum depth therefore denotes the zone of intensive

soil formation. The layers below the solum depth have no collective name but are

distinct in that they are noticeably less affected by soil-forming processes.

Finally, physiological depth refers to the soil layer extensively colonised by plant

roots. This is where most of the biological activity takes place. Physiological

depth is usually equal to or smaller than the solum depth.

The depth of each soil is immensely important for its fertility and hydric

regime. All other things being equal, varying soil depth can substantially alter

the type of vegetation that grows in undisturbed soils. Flat terrain with uni-

form parent rock would usually lead to the development of soils with similar

depth, which in turn support similar types of vegetation. Hilly terrain, on the

other hand, is often typified by very variable soil depths even if the parent

material does not vary. Transportation of soil materials from upper to lower

slopes leads to the development of shallow soils at the tops of hills and deeper

soils at the bottoms. Moreover, the underlying geology of a hilly or mountain-

ous terrain is likely to be rather uneven. Weathering and soil formation pro-

cesses would cover such irregularities and eventually produce a relatively

smooth soil surface, resulting in soil depth that can vary substantially over

relatively short distances.

This variation in soil depth often explains why, in otherwise identical climatic

and soil conditions,weobserve a large shift in tree species cover. Trees suchas beech

(Fagus), silver fir (Abies) or Scots pine (Pinus sylvestris) can be found growing very close

together, even though they differ greatly in the type of conditions they prefer.

40 Forest soil development and classification



3.2.3 Time

A generally accepted notion dictates that soil development is a long-

term process and that millennia are needed for a functioning and well-developed

soil to form from exposed parent material. Similarly, many thousands of years

are thought to be needed for a change of soil type resulting from altered

environmental conditions or vegetation. The issue of the rate of soil develop-

ment, aside from its theoretical use in pedology, has a very practical purpose:

with climate change, we are expecting a significant modification of present

climatic and vegetation conditions, which are likely to alter the developmental

trajectory of forest soils. If we know the rate of soil development and can assess

the speed at which various soil formation processes operate, we can use this

information to predict the likely impact of climatic change on soil stability and

functioning.

There are several approaches that can be used to estimate the age of soils and

compare this information with their state of development. One of the most

common is the usage of chronosequences, where the time of the parent material

exposition is known. Areas of volcanic activity, sea sand deposits or glacial

moraines all offer this opportunity. Archaeological sites with known dates of

disturbance can also be used, as the original soil is likely to have been removed

or mixed and the soil formation process ‘restarted’. A well known example is the

Dutch polder soils, gained by damming the sea and exposed to soil formation

processes since medieval times. A more direct approach to dating soils, especially

their organic content, is the use of isotopes. Atoms of several elements with known

half-life have well-established concentrations in the environment, which start to

decrease as soon as they are locked in the soil by a chemical or biological process.

Radiometric, isotopic or palaeontological dating, combined with field studies

assessing the landscape stratification and morphology, can give us the absolute

age of a deposit or soil. The longer the deposit is exposed to weathering and other

soil formation processes, the more extensive the soil development. ‘Weathered’,

‘well-developed’ or ‘old’ are terms often used as synonyms to describe a soil that

is thought to have reached the last stages of its development. As such, they are

only relative indicators since the mineral transformation is a function of time,

weathering rate and mineral composition of the parent material. A younger soil

might be composed of well-weathered minerals, whereas a chronologically older

soil might contain non-transformed mineral components.

Soil development is a function of time and the rate of horizon formation,

which depends on the intensity of soil formation processes and the resistance of

the parent material to weathering. As a result, soils very similar in type or

morphology can substantially differ in their age. As an example, spodic horizons
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have been reported to form in 3000 years in sandy deposits in Australia, in

8000 years in sand dunes in Michigan or 21 000 to 28 000 years in sandy soil

in North Carolina (Sumner 2000).

Clearly, not all soil formation processes function at the same rate. Desalin-

ation or bioturbation happen in a very short time, if not instantly, whereas

ferralitisation or rubefication are thought to take millennia. Alongside the

nature of the process, climatic conditions and the type and character of the

parent material determine the rate of soil formation.

Accumulation of organic matter in the soil is greatly dependent on the rate of

its deposition: a chernozem A horizon might develop in about 130 years. Peat

accumulation in organic soils is very variable. A comparison of mire sediment

analyses from the boreal region of eastern North America shows that rates from

400 to 500 cm per millennium are possible, but it also shows that the majority of

organic soils in this region accumulate peat at 50–100 cm per 1000 years (Webb

and Webb 1988). A change in the humus form can, however, take place over a

much shorter time scale. Numerous examples from Norway or Sitka spruce (Picea

sp.) afforestation confirm this: the acidic nature of spruce litter can change the

humus type from mull to mor in several decades (or within one rotation).

According to Hissinck (1938) it took about 300 years for the 9% initial calcium

carbonate content to wash out from the polder soils in The Netherlands. Forma-

tion of podzolic soil is thought to take anything from 1000 to 3000 years

depending on the amount of precipitation; the process of lessivation, which

leads to the formation of luvisol, can take up to 5000 years.

As a rule of thumb, according to the length of time soil formation processes

need to create a well-developed soil, we can divide them into the following three

categories:

(a) fast rate processes (101 to 102 years): change of humus form, de/salinisa-

tion, gleying

(b) medium rate processes (102 to 103 years): decarbonisation, debasifica-

tion, humus accumulation, podzolisation

(c) slow rate processes (103 to 105 years): illimerisation, rubefication,

ferralitisation

3.3 Soil classification

3.3.1 History and principles of soil classification

From the dawn of human settlement, and probably long before that,

humans have been in contact with the soil. For this reason, everyone knows of

the soil’s existence andmost people have an idea of what the soil is and what is its
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role in the environment. Everyone who uses soil and its products or services does

classify it: the depth of the categorisation is based on the complexity of the use a

particular group of humans extracts from the soil and on the variability of soils

found in their location. Most indigenous classifications have developed in soci-

eties with direct contact with the soil and are therefore quite expressive and relate

to the direct use of the soil. The simplest ones refer to the soils as dry, wet, hard or

fertile, whereas the more recent (and more complicated) classifications are based

on geology, geography, climate and vegetation, or their interactions. Forest soil

classification is predominantly concerned with the type of forest and tree species

a particular soil supports and its fertility in terms of timber production.

The first ‘modern’ soil classification system was probably established by V. V.

Dokuchaev (1883), an author widely acclaimed as the founder of Russian soil

science. In his quest to separate soil science from geology, he introduced what is

known as a ‘genetic classification’: a system that takes into account the historical

development of the soil and therefore all factors that contribute to this process.

Alongside the influence of the geological parent material, he recognised

the importance of climate and vegetation in soil formation and functioning.

Dokuchaev and his followers developed several classification systems based on

these principles, regarding the soil type as a summary of external and internal

influences (Glinka 1927).

The next major step on the way to present soil classifications was by H. Jenny

(1941) in his treatise on the factors of soil formation. His expression S ¼ f (cl, pm,

r, o, t) set in stone the notion that the soil is the function of climate, parent

material, relief, organisms and time. All of these factors influence soil development

and often interact with each other; the number of permutations is nearly limitless.

For this reason all soil classifications include substantial approximations, which

observe and classify soils on the basis of general trends. Numerous soil classification

systems have been developed, none of which is generally accepted worldwide. The

two most commonly used classifications are those of the USDA and the FAO

(Table 3.1). The latest approach to soil classification is numerical classification,

developed in the 1970s. Also called ordination, this technique groups individual

soils by multivariate statistical methods such as cluster analysis. This produces

natural groupings without the need for any inference about soil genesis. Some

specialist forestry classifications use this approach,mainly to assess the site fertility

in order to assign potential productivity to a specific location.

3.3.2 USDA classification

Probably the most comprehensive classification, the United States

Department of Agriculture (USDA) classification is currently in its seventh

Approximation (United States Natural Resources Conservation Service 1999).
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Although it is the most detailed and very widely used, it cannot be considered

a general purpose system. The USDA system assumes a pre-existing knowledge

of the generally accepted terminology, largely because it relies on correct

identification of diagnostic horizons, many of them specified in considerable

detail or requiring specialist analyses for identification. The latest soil descrip-

tions and classification can be found in the Soil Taxonomy System – Second

Edition (1999), which divides soils into 12 orders based on three main groups

of criteria.

Morphological group: takes into account the pedological features of the

soil profile. Soils are classified on the basis of the presence

and/or absence of diagnostic horizons, which are recognised

on the basis of specific characteristics or processes. There

are two types of horizons, according to their depth in the

soil profile: surface units (A horizons) and subsurface units

(B horizons). Not all soils necessarily have to contain both

A and B horizons.

Environmental group: includes the conditions controlling soil develop-

ment, namely temperature and moisture. The temperature

regime is classified on the basis of mean annual soil tempera-

ture (MAST) at a depth of (usually) 50 cm. Six categories of MAST

are recognised, ranging from permanently frozen (pergelic) to

permanently warm (hyperthermic). The moisture regime classi-

fication relies on describing either the presence or the absence

of water, together with measuring the water content held at a

Table 3.1 Approximate alignment of the USDA and FAO classifications

USDA FAO–UNESCO

Alfisols Luvisols

Andisols Andosols

Aridisols Glacisols, gypsisols, solonchaks, solonetz

Entisols Arenosols, fluvisols, leptosols, regosols

Histosols Histosols

Inceptisols Cambisols

Mollisols Chernozems, greyzems, kastanozems, phaeozems

Oxisols Alisols, ferrasols, nitosols, plinthosols

Spodosols Podzols

Ultisols Acrisols, lixisols

Vertisols Vertisols

Source: Adapted from Mirsal (2008).
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tension below or above 1500 kPa. There are five moisture regime

classes, from water-saturated (aquic) to seasonally dry (xeric).

Chemical group: looks at the dominant chemical characteristics of the

soil profile or its defining parts. Properties such as cation

exchange capacity and base saturation are considered, partly

because they are dependent on soil structure and some environ-

mental factors.

Soils are classified by combining these three criteria, usually starting from the

most general and proceeding to the most specific. The following categories can

be assigned to each soil:

Order (largely based on morphological features)

Suborder (largely based on environmental and chemical features)

Major group (combinations of all three types of features)

Subgroup

Family

Series

The USDA soil taxonomy system recognises 12 soil orders (see below), largely

based on the soil properties and soil formation processes that led to their

development. The classification depends on the presence or absence of one or

more diagnostic horizons and on their stratification. The twelve orders are

globally distributed in a recognisable pattern, as illustrated by the USDA map

(Figure 3.2). The nomenclature of the soil orders (and subordinate categories) is

artificial, being based on Greek and Latin words that broadly reflect the main

quality of described category or process.

1. Alfisols: soils developed under temperate forests of the humid and

subhumid zones of the Earth; an argillic horizon is present.

2. Andisols: fine-textured soils developed from volcanic material. Usually

have high ion exchange capacity and contain considerable amounts of

organic matter.

3. Aridisols: soils developed in arid regions, including cold polar, cool

temperate and warm deserts. Mostly contain high amounts of Na, which

leads to decreased fertility and loss of structure.

4. Entisols: shallow, poor soils occurring in conditions that restrict soil

formation, such as cold or exposed environments; usually very young

soils.

5. Gelisols: soils of very cold climates, their defining feature being

permafrost within 2 m of the soil surface. Usually do not have a

B horizon; the dark A horizon is resting on the permafrost.
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6. Histosols: soils comprised primarily of organic material. Depending on

the clay content, the organic C content is 12%–18%, or more, and the

organic material layer must be at least 40 cm thick.

7. Inceptisols: formed by quick alteration of parent material, they are

usually older than entisols. Containing ochric or umbric horizons and

a cambic subsurface horizon, they have no accumulation of clays, Fe, Al

or organic matter.

8. Mollisols: formed in semi-arid to semi-humid areas, typically under

grassland. They have a deep mollic surface horizon, rich in nutrients

and organic matter, typically 60–80 cm thick.

9. Oxisols: occurring under tropical rainforest, 15–25� north and south of the

Equator. At all depths they contain no more than 10% weatherable min-

erals; their red colour is due to the high concentration of Fe and Al oxides.

10. Spodosols: soils typical of boreal forests, with a well-defined bleached

horizon. Fe and Al oxides are mobilised by low pH and washed out by

high precipitation.

11. Ultisols: red soils typically found in South America, these mineral soils

contain no calcareous material anywhere within the soil, have less than

Figure 3.2 USDA global soil regions map. Reproduced with permission from http:

//soils.usda.gov/use/worldsoils/mapindex/Global_Soil_Orders_Map.jpg (See colour plate.)
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10% weatherable minerals in the top layer and have less than 35% base

saturation throughout.

12. Vertisols: soils with high content of expansive clay, which forms deep

cracks when the soil dries up. Alternate shrinking and swelling causes

consistent mixing of soil material. Vertisols have an extremely deep

A horizon and no B horizon.

3.3.3 FAO classification

The FAO classification in effect constitutes the legend for the Soil Map of

the World (Food and Agriculture Organization of the United Nations and

UNESCO 1970). Largely based on the USDA system, it has been simplified as to

be more accessible to non-specialists. Many of the higher categories are similar or

nearly identical to the USDA classification, the main difference being its applic-

ability at global scales. This, together with the fact that it is based on the world

map, means that no provision is made for soils not visible at a scale of 1:5 000

000 and these cannot be identified. Various modifications have been introduced

to improve the usability and the cover of the system. The WRB (World Reference

Base for Soil Resources) is in use as an FAO classification system. It is based on

soil properties, their geographical and geomorphological setting, but without

any reference to climatic conditions. The WRB system comprises 30 reference soil

groups, recognisable by the presence or absence of diagnostic horizons, proper-

ties or materials. The groups can be further subdivided into soil units, the

number of which has deliberately been left open to allow for continuing

improvement and modification.

The WRB system recognises the following reference soil groups (adapted from

World Soil Resources Reports – 84 1998 W8594/E):

1. Histosols (HS): soils having a histic or folic horizon and lacking an andic

or vitric horizon starting within 30 cm of the soil surface.

2. Cryosols (CR): soils having one or more cryic horizons within 100 cm of

the soil surface.

3. Anthrosols (AT): soils conditioned by the action of humans, generally

containing hortic, irragric, plaggic, anthraquic or terric horizons 50 cm

or more thick.

4. Leptosols (LP): limited in depth by continuous hard rock or calcareous

material within 25 cm of the soil surface or containing less than 10%

(by mass) fine earth to a depth of 75 cm or more from the soil surface.

5. Vertisols (VR): clayey soils (>30% clay) with a vertic horizon within

100 cm of the soil surface, with cracks that open and close periodically

according to the moisture regime.
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6. Fluvisols (FL): formed from alluvial deposits and containing fluvic soil

material starting within 25 cm of the soil surface and continuing to a

depth of at least 50 cm from the soil surface.

7. Solonchaks (SC): saline soils having a salic horizon starting within 50 cm

of the soil surface.

8. Gleysols (GL): permanently or periodically waterlogged soils with gleyic

properties within 50 cm of the soil surface.

9. Andosols (AN): dark soil rich in volcanic glass with either a vitric or an

andic horizon starting within 25 cm of the soil surface.

10. Podzols (PZ): strongly bleached soils with a spodic horizon starting

within 200 cm of the soil surface, underlying an albic, histic, umbric

or ochric horizon.

11. Plinthosols (PT): mottled clayey material that hardens on exposure, with

a petroplinthic or a plinthic horizon starting within 50 cm of the soil

surface.

12. Ferralsols (FR): soils with high sesquioxide content, with a ferralic hori-

zon at some depth between 25 and 200 cm from the soil surface.

13. Solonetz (SN): saline soils having a natric horizon within 100 cm of the

soil surface.

14. Planosols (PL): soils with an eluvial horizon, the lower boundary of which

is marked, within 100 cm of the soil surface, by an abrupt textural

change associated with stagnic properties.

15. Chernozems (CH): soils having a dark mollic horizon rich in organic

content with concentrations of secondary carbonates starting within

50 cm of the lower limit of the Ah horizon but within 200 cm of the

soil surface, and no uncoated silt and sand grains on structural ped

surfaces.

16. Kastanozems (KS): brown soils, rich in organic matter, with a mollic

horizon with a moist chrome content of more than 2 to a depth of at

least 20 cm.

17. Phaeozems (PH): soils with a mollic horizon, base saturation 50% or

more and a calcium-carbonate-free soil matrix to a depth of at least

100 cm from the soil surface.

18. Gypsisols (GY): soils having a gypsic or petrogypsic horizon within

100 cm of the soil surface, or 15% (by volume) or more gypsum, which

has accumulated under hydromorphic conditions.

19. Durisols (DU): soils with a duric or petroduric (silica cemented) horizon

within 100 cm of the soil surface.

20. Calcisols (CL): soils having a hardened calcic or petrocalcic horizon

within 100 cm of the surface, rich in carbonates.
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21. Albeluvisols (AB): soils with an argic horizon within 100 cm of the soil

surface, with an irregular upper boundary resulting from albeluvic

tonguing into the argic horizon. Rather acidic, bleached soils.

22. Alisols (AL): aluminium rich soils with an argic horizon and a cation

exchange capacity of 24 cmolc kg
�1 clay or more.

23. Nitisols (NT): soils having a shiny nitic horizon starting within 100 cm of

the soil surface.

24. Acrisols (AC): soils with low base saturation (less than 50%), less than

24 cmolc kg
�1 clay, and an argic horizon.

25. Luvisols (LV): soils having an argic horizon with a cation exchange

capacity equal to or more than 24 cmolc kg
�1 clay throughout; clay-rich.

26. Lixisols (LX): soils having an argic horizon, weathered and clay-rich.

27. Umbrisols (UM): soils having an umbric horizon.

28. Cambisols (CM): soils having a cambic or a mollic horizon and character-

ised by highly variable colour, structure or consistency.

29. Arenosols (AR): soils with loamy sand or coarser texture to a depth of at

least 100 cm from the soil surface or a plinthic, petroplinthic or salic

horizon between 50 and 100 cm from the soil surface.

30. Regosols (RG): soils typified by their loose mantle of material, showing

none of the characteristics specified for other soils in the list.

Dominant Soils

Acrisols, Alisols, Plinthosols (AC)
Albeluvisols, Luvisols (AB)
Andosols (AN)
Anthrosols (AT)
Arenosols (AR)
Calcisols, Cambisols, Luvisols (CL)
Calcisols, Regosols, Arenosols (CA)
Cambisols (CM)

Chernozems, Phaeozems (CH)
Cryosols (CR)
Durisols (DU)
Ferralsols, Acrisols, Nitisols (FR)
Fluvisols, Gleysols, Cambisols (FL)
Gleysols, Histosols, Fluvisols (GL)
Gypsisols, Calcisols (CA)
Histosols, Cryosols (HR)

Histosols, Gleysols (HS)
Kastanozems, Solonetz (KS)
Leptosols, Regosols (LP)
Leptosols, Cryosols (LR)
Lixisols (LX)
Luvisols, Cambisols (LV)
Nitisols (NT)
Phaeozems (PH)

WORLD SOIL RESOURCES

Planosols (PL)
Plinthosols (PT)
Podzols, Histosols (PZ)
Regosols (RG)
Solonchaks, Solonetz (SC)
Umbrisols (UM)
Vertisols (VR)
Glaciers (gl)

Projection Flat Polar Quartic
FAO/EC/IS RIC, 2003

Waterbodies
Limit of aridity

Steep lands
Country boundaries

Figure 3.3 FAO world soil map. (Reproduced with permission from the Food and

Agriculture Organization of the United Nations and UNESCO 1970.) (See colour plate.)
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TheWorld Reference Base lists 40 diagnostic horizons, the presence or absence of

which is the basis for soil classification. The following is the list of the diagnostic

horizons, their names referring either to a defining feature or process of each

horizon: albic, andic, anthraquic, anthropedogenic, argic, calcic, cambic, chernic,

cryic, duric, ferralic, ferric, folic, fragic, fluvic, gypsic, histic, hydragric, hortic,

irragric,melanic,mollic, natric, nitic, ochric, petrocalcic, petroduric, petrogypsic,

petroplinthic, plaggic, plinthic, salic, spodic, sulfuric, takyric, terric, umbric,

vertic, vitric and yermic.

3.4 Examples of typical temperate and boreal forest soils

Temperate forests occur in western and central Europe, northeastern

Asia and eastern North America. Their main defining feature is the existence of

well-defined seasons with a distinct winter. Temperature varies from �30 �C to

30 �C and the precipitation is distributed evenly throughout the year, resulting

in moderate climate and a growing season of 140–200 days during 4–6 frost-free

months. Forest canopy is usually moderately dense with deep light penetration,

allowing for a well-developed and richly diversified understory vegetation.

The dominant flora is characterised by 3–4 tree species per square kilometre.

The soils of temperate forests are extremely variable; local conditions give rise to

soils as diverse as podzols, brown forest soils, rendzinas and humic gleys. They

originate from a wide range of parent materials: from glacial deposits, from

alluvia or from igneous, sedimentary or metamorphic lithology. As such, their

pH is very variable, and both very acidic and very alkaline soils can be found in

this region. Owing to severe anthropogenic pressure, only scattered and frag-

mented remnants of original temperate forests remain. Most temperate forests

of today originate from secondary succession; the natural forest has been

removed at some point in the past and the soil used for agriculture.

The boreal forests occupy the regions immediately to the south of the Arctic

Circle. Owing to the inhospitability of the climate, the forests in this region

form a relatively unbroken expanse from North Europe, through northern Asia

to North America. The boreal forest accounts for about one third of this planet’s

total forest area and represents the largest terrestrial biome. Relatively few tree

species grow here: the forest is composed mainly of spruces (Picea), firs (Abies),

and pines (Pinus). Broadleaved species adapted to severely cold conditions do

occur, but conifers are generally better suited to this climate. Long, severe

winters with up to six months with mean temperatures below freezing and

very short summers are characteristic, as is the wide annual range of tempera-

tures between the winter and the summer. Mean annual precipitation is not

high, but low evaporation rates make this a humid climate. The dominant soil
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type in this forest is podzol (spodosol); podzolisation occurs as a result of humid

conditions and acid production in the litter layer under coniferous trees.

Because of the low temperatures and excessive moisture, litter decomposition

is fairly slow, leading to organic matter accumulation. As a result, there are

many transitional soils ranging from typical podzolic to typical peaty soil; the

boundary between the boreal forest and the bog is often not very clear. In some

cases the soils are waterlogged all year, further limiting decomposition and

nutrient cycling.

The following is an illustration of soil types typical of temperate and boreal

forests. Only the most important types and their characteristics are included,

chiefly to give an indication of the strength of the relationship between the

forest, the climate and the soil. One important thing to bear in mind (here, but

also with any soil classification) is that the examples are ‘typical’ and pinpoint all

diagnostic features of a particular soil type. Natural soils, of course, do not

conform to such classifications; they change according to continuously variable

geological, climatic or biological conditions. Although there are instances of very

clear boundaries between different soil types, the norm is a slow transition

between soils, which shows many intermediate and overlapping features.

Figure 3.4 The circumpolar range of the boreal forest; it is shared between Eurasia

and North America. Reproduced with permission from Hare and Ritchie (1972).
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3.4.1 Leptosols

Found both in temperate and boreal forests, leptosols (Greek leptos, thin;

USDA equivalent, entisols) are either young or continuously disturbed soils.

Particularly common in mountain regions, these soils are found on slopes, where

they are subject to removal of soil material, leading to the development of only

two horizons: Al and C. The melanic Al horizon contains more than 50% stones

and boulders, as does the C horizon. The very shallow, less than 10 cm deep, lithic

leptosols in mountain regions are the most extensive leptosols found on Earth.

Owing to their stone content and high predisposition for erosion, leptosols

are extremely unattractive for agriculture; the vast majority of these soils are

still found under forest cover. Two main types of leptosol are recognised

according to chemical composition of the parent rock: those formed from base-

poor silicate rocks and those formed from base-rich calcareous rocks.

The first group, skeletic leptosols (rankers), are notable for their acidity and

for the fact that they are found only in locations where erosion keeps pace with

soil formation. Continuous removal of weathering products means that these

soils remain shallow and stony. This directly influences their hydrothermic

regime; skeletic leptosols do not hold much water and as a result suffer from

water scarcity during the summer. The low water content, together with high

stone content, causes large and rapid temperature fluctuations inside these soils.

Most forest floor vegetation is not able to grow during the summer and tends to

develop early in the spring when the soil contains enough water and warms up

relatively fast. Despite their large distribution on Earth, their cover is rather

patchy as it is entirely dependent on the geomorphology.

The second group, rendzic leptosols (rendzinas), develop from carbonate

rocks. Weathering of carbonate rocks results in dissolved calcium carbonate,

which is washed away, and in evolution of CO2, which either dissipates to the

atmosphere or dissolves in water and is also washed away. If it were not for

the impurities in carbonate rocks, soil formation would be impossible as the

weathering products are immediately removed. The mineral fraction of any soil

that develops on carbonate bedrock is composed entirely of such impurities,

which often do not constitute more than a few per cent of the parent rock. For

this reason, the development of rendzic leptosols is rather slow and results in

very shallow soils. The highly alkaline conditions prevail even after the soil has

formed, leading to little or no chemical transformation of insoluble minerals

remaining in situ. Owing to the shallowness of these soils, plant roots are an

important weathering agent as they can easily reach and explore any cracks in

parent material. Similarly to the first leptosol sub-group, rendzic leptosols suffer

from severe lack of water. The parent material is easily weathered, leading to fast
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drainage of any precipitation. Lack of water, in combination with high alkalinity,

leads to the development of typical forest communities adapted to these

infertile soils.

3.4.2 Luvisols

The soil formation process characteristic of luvisols (Latin luere, to wash;

USDA equivalent, alfisols) is lessivation, i.e. the downward movement of clay

particles. Luvisols always contain an eluvial (Ae) and an illuvial (Bt) horizon,

fairly easy to distinguish from each other owing to their different colour and

structure. The argic Ae horizon is the diagnostic horizon of luvisols; it is formed

through the destruction and movement (eluviation and translocation) of silicate

clay from the surface topsoil layer. The Bt horizon then has an increase in clay

content over that in the eluvial horizon, clay skins indicative of translocated

clay, and a thickness of usually at least 5 cm thick. Luvisols are commonly

distributed in former periglacial areas. The genesis of luvisols is thought to

involve freezing of the soil profile and formation of ice wedges. Even today, the

Ae horizon frequently shows a platy structure due perhaps to the periodic

formation of ice lenses.

Found throughout temperate and boreal regions, luvisols have developed on

gentle slopes formed from windblown loess deposits during the post-glacial era.

Present-day native vegetation includes temperate mixed forests as well as boreal

mixed wood and deciduous forest vegetation. Mineralisation of organic matter is

usually rapid, plant litter does not accumulate in the soil, and luvisols have fairly

low carbon content. Soil fertility is sufficient for optimal forest growth, although

plant roots can sometimes find the Bt horizon too hard to penetrate owing to

clay accumulation. Once deforested, luvisols tend to be sensitive to soil erosion,

mainly because of the incline of the slopes on which they occur.

3.4.3 Cambisols

Cambisols (Latin cambiare, to change; USDA equivalent, inceptisols) are

widely distributed in temperate climates, but do also occur in boreal regions in

both Eurasia and North America. The ‘typical’ cambisol contains a sequence of

three main horizons: A, B and C. The humus-rich ochric, mollic or umbric

A horizon (up to 20 cm) is followed by a prominent cambic B horizon, which

is the diagnostic horizon for these soils. The B horizon normally has a

yellowish-brown colour, which gave these soils their name – brown earth – in

most historical classifications. Cambisols are soils with initial horizon differen-

tiation; the boundary between the horizons is often very wide and the exact

horizon depth difficult to establish. They are thought to be in a transitional

stage of development; large quantities of weatherable minerals and absence of

533.4 Examples of typical temperate and boreal forest soils



any signs of advanced pedogenesis attest to this. The brown colouring of the

soil has its origins in the hydrolysis of iron-containing minerals (biotite, olivine,

pyroxenes, amphiboles) in a weakly acid environment. Iron is oxidised to ferric

oxides and hydroxides (goethite, haematite), which give the soil its brown

colour. Cambisols develop on mildly acidic silicate rocks in hilly terrains, as

well as on wind-blown silicate sand deposits, always in locations where a

geological boundary exists between the B and the C horizons. Oxidation pro-

duces ferrous iron. This ‘free iron’ coats sand and silt particles, and cements

clay, silt and sand to aggregates. The soil becomes structured and yellowish-

brown to reddish in colour.

Cambisols make for very fertile forest soils; they are usually deep and not

nutrient-limited. Their fertility, however, can sometimes be decreased by excessive

stone content (over 50%) or advanced acidificationwhen formed frommineral-poor

parent material or in the presence of intensive precipitation. Cambisols occur

predominantly in forested areas, occupied by mixed or broadleaved forests. They

are usually characterised by good water holding capacity, sufficient drainage and

stability of soil structure. When used for agriculture, cambisols cultivated in the

temperate zone are among the most productive soils found on Earth.

3.4.4 Podzols

Podzolic soils (Russian pod zola, under ash; USDA equivalent, spodosols)

constitute the main soil group of the sub-arctic regions in northern Eurasia and

America, but are also present in suitable conditions in temperate regions. Mostly

developed on glacial, fluvioglacial or aeolian sediments, the defining feature of

podzolic soils is the presence of an E horizon bleached by organic acids. The

acidic nature of the parent materials, together with acidifying mor type humus

under predominantly coniferous vegetation, results in very low soil pH, which

mobilises iron and aluminium oxides from the E horizon. In cases of extreme

podzolisation, the E horizon is exclusively composed of washed silica sand

grains, biologically inert and very permeable to water. A typical podzolic soil

will have the following horizons: O, Ah, E, Bhs and C. As already mentioned, the

O horizon is formed by mor type acidic humus, with slow to very slow decom-

position. Plant litter tends to accumulate, especially in low drainage conditions,

and can reach a substantial thickness. A very thin Ah horizon is followed by the

bleached layer, from which the complexes of Al, Fe and organic compounds

migrate to the Bhs horizon with percolating rainwater. The metal oxide and

humus complexes then precipitate in the illuvial ‘spodic’ horizon (Bhs), giving it

the typical rusty to dark brown coloration due to the accumulation of humus

and iron compounds. Most boreal podzols, however, do not contain an Ah

horizon.
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In boreal and temperate regions, ‘large’ soil fauna such as earthworms are

scarce. The decomposition of organic matter is therefore slow and carried out

mainly by fungi, small arthropods and insects. Podzols tend to be nutrient-poor,

with high to extremely high soil acidity. Nitrogen and phosphorus deficiency

coupled with aluminium toxicity make these soils unattractive for agriculture.

Most podzols are under forest, particularly in the boreal zone. Podzols found in

the temperate region tend to be under acidic heath vegetation in low-lying areas

or under Norway spruce forests in mountainous regions.

3.4.5 Gleysols

Gley soils (Russian gley, glue; USDA equivalents found among oxisols,

inceptisols, entisols or aridisols) develop in conditions of restricted supply of soil

oxygen, mostly when the soil profile is regularly or permanently flooded. A type

of hydric soil, gley is characterised by a greenish blue-grey colour and by an

almost complete loss of soil structure. The name, first coined in 1905 by a

Russian soil scientist, N. G. Visockij, originates from the Russian word for glue,

well describing both the consistency and the stickiness of gley soils. Lack of

oxygen leads to slowing and eventual halting of organic matter decomposition

and to the dominance of soil microorganisms able to persist without access to

oxygen. Such organisms obtain their energy by reduction of compounds contain-

ing Fe, Mn and S. If the flooding and anoxic conditions are permanent, bivalent

ions of Fe react with Al and Si compounds to form grey-green aluminosilicates,

with P compounds to form blue phosphates and S compounds to form black

sulphates. Gleying results in the destruction of soil structure; the usual stabilisa-

tion of soil aggregates does not take place owing to the lack of organic matter

decomposition in the presence of oxygen. Any porosity is quickly lost through

the dispersion of soil aggregates, leading to further slowing of air and water

movement in a self-reinforcing loop. Alongside the described changes of colour

and structure, gley soils may accumulate other elements such as P, Mo or Cu

brought in by the movement of soil water.

All of the above-mentioned processes can be divided into two broad groups:

soils where the flooding is permanent or near-permanent and caused by ground-

water (gley); or those where anoxic conditions are imposed temporarily by slow

infiltration or percolation of precipitation water (pseudogley). The movement of

compounds in pseudogleys is usually somewhat limited and happens only over

short distances, as most compounds quickly precipitate owing to changing soil

conditions. Gley soils, on the other hand, often exhibit horizontal movement of

soil water and dissolved compounds over considerable distances. Another differ-

ence between the two groups is the formation of rusty stains and concretions by

oxidation of bivalent Fe when O2 is temporarily or locally available. Gley soils
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contain such stains in the remaining soil pores and on the surfaces of aggregates,

whereas pseudogleys feature these oxidation stains on the inside of soil

aggregates.

The groundwater level usually fluctuates throughout the year even in gley

soils, but if it remains within 1 m of the surface the gleying process will affect

the whole profile through capillary rise. Lack of oxygen in the soil reduces soil

fertility; the extent of the reduction can vary with other conditions. The intensity

of flooding, the clay content, and the oxygen and nutrient content of soil water,

all influence the fertility of gley soils. The concentration of oxygen dissolved in

soil water is of particular importance: water moving through the soil will usually

contain more oxygen than stagnant water.

3.4.6 Histosols

Histosols (Greek histos, tissue; USDA equivalent, histosols) are defined as

soils formed from organic soil material. They include soils developed from pre-

dominantly moss peat in boreal, arctic and sub-arctic regions, where they occur

extensively, to moss/sedge peat, reedbed peat and forest peat in temperate

regions. Organic soils are found at all altitudes; the common feature of these soils

is hindered organic matter decomposition. Histosols differ from all other soils in

that they are formed from mostly undecomposed plant litter with physical,

chemical and mechanical properties strongly divergent from mineral soil mater-

ials. Organic soil material, often termed peat, accumulates in conditions where

plant matter decomposition is slowed by any combination of low temperatures,

persistent water saturation, extreme acidity or scarcity of nutrient elements and

high concentrations of electrolytes or organic toxins. There are differences in peat

formation between boreal and temperate regions, mainly linked to differences in

topography, temperature and rainfall pattern. Organic soils in northern regions

are predominantly ombrogenous (rainwater-dependent). Many occur in a

30–50 cm thawed (active) layer on top of permafrost subsoil. In temperate regions,

on the other hand, both topogenous (groundwater-dependent) woody forest peat

and ombrogenous raised Sphagnum peat bogs are common. ‘Blanket peat’ in

upland temperate areas is rain-dependent peat formed under heather and other

low shrubs, typically found in high-precipitation areas of temperate regions.

Any commercial utilisation of histosols is usually connected to severe miner-

alisation losses and large CO2 emissions. Deep peat formations in northern

regions are best left untouched, although some countries permit peat extraction

for production of growth substrate or to fuel power stations. In North America

and northern Europe there is a growing tendency towards preservation and

conservation of the delicate peatlands.
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4

Soil fungi

Soil fungi and fauna have key roles in many ecological processes, includ-

ing decomposition and cycling of organic matter, and acquisition of mineral

nutrients from both organic and inorganic forms. Fungi are heterotrophs,

requiring external sources of carbon for metabolic energy, and use three differ-

ent strategies to acquire carbon: saprotrophic, necrotrophic, and biotrophic.

Saprotrophic fungi (Chapter 6) utilise carbon from dead organic matter, and

are the fungi found on deadwood and soil organic matter; these include the

white rot and brown rot fungi such as Pleurotus and Hypholoma. Necrotrophic

fungi obtain carbon from dead or dying organic matter, but are disease fungi

and are often responsible for the death of the organism; these include the classic

tree disease fungi such as Armillaria. The final group is the biotrophic fungi,

which obtain their carbon from other living organisms, often in the form of

mutualistic or symbiotic association; this group includes the mycorrhizas. The

term ‘mykorrhiza’ was first used by Frank in 1885 to describe the modified root

structures of forest trees. Seven different categories of mycorrhizal symbiosis

have been distinguished on the basis of their morphological characteristics and

the fungal and plant species involved. Three of these types are of major signifi-

cance in northern forests; these are arbuscular mycorrhizas (AM), ericoid mycor-

rhizas (EcM) and ectomycorrhizas (EM).

4.1. Mycorrhizas

Arbuscular mycorrhiza (AM) is the most ancient and widespread form

of mycorrhiza, forming symbiosis with both woody plants and herbaceous plants

of the upper and mid-story, as well as the ground vegetation of forests. Arbus-

cular mycorrhizal fungi form associations with a very wide range of plant
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species, as many as 250 000 globally. In contrast, only 150–200 species of AM

fungi have so far been distinguished on the basis of morphology, but DNA-based

studies suggest the true diversity of these symbionts may be very much higher.

The fungi forming AM are in the order Glomeromycota and include the families

Glomaleaceae, Acaulosporaceae and Gigasporaceae. Palaeobotanical and molecu-

lar sequence data suggest that the first land plants formed associations with

glomalean fungi about 460 million years ago. The symbiosis is characterised by

highly branched fungal structures, called arbuscules, which grow intracellularly

without penetrating the host plasmalemma (Figure 4.1a). These mycorrhizas also

have intracellular hyphae, vesicles and external emanating hyphae forming an

extraradical mycelium. The importance of the external mycelium for the func-

tioning of mycorrhizas is discussed below.

Ericoid mycorrhiza (EcM) are formed by around 3400 plant species from three

plant families, the Ericaceae, Empetraceae and Epacridaceae, all belonging to the

order Ericales. In forests, these plants form the understory and include genera

such as Vaccinium and Erica. Ericoid mycorrhizas also occur in warm Mediterra-

nean climate zones in chaparral vegetation systems throughout the world,

suggesting that nutritional, rather than climatic, factors determine their distri-

bution. The fungi forming ericoid mycorrhizas are Ascomycota, and several

species are known to form EcM; however, only one species, Rhizoscyphus ericae

(formally Hymenoscyphus ericae), has been studied in detail. Recent evidence also

suggests that some species of Basidiomycota that normally form ectomycorrhi-

zas also form ericoid mycorrhizas with the Ericales. Similar to arbuscular mycor-

rhizal structures, in ericoid mycorrhizas the fungus penetrates the cell walls of

roots without penetrating the host plasmalemma. However, instead of forming

arbuscules, the fungus forms coiled structures within each cell (Figure 4.1b),

mainly in the fine hair roots of ericaceous plants. Similar to the arbuscules in

arbuscular mycorrhizas, the coils of ericoid mycorrhizas are an effective way

of increasing the surface area of contact between the fungus and the root cells of

the host plant. In addition, ericoid mycorrhizas also have extensive emanating

hyphae forming an extraradical mycelium.

Ectomycorrhizas are formed by most of the woody plants and trees of the mid-

and overstory of northern forests. The fungi are predominantly from the Basidio-

mycota and Ascomycota and globally as many as 10 000 fungal species and 8000

plant species form this type of symbiosis. Unlike the arbuscular and ericoid

mycorrhizas, the fungi do not penetrate the host cells, and the symbiosis is

characterised by the presence of a fungal mantle or sheath around the short

roots, as well as a network of intercellular hyphae penetrating between the

epidermal and cortical cells, forming the Hartig net (Figure 4.1c). Like the term

mycorrhiza, the Hartig net was first described over 100 years ago, this time by the
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German botanist Robert Hartig in the 1890s. In this type ofmycorrhiza, the Hartig

net forms the contact zone between the cells of the plant roots and the fungus.

The mantle is usually connected to a more or less well-developed extramatrical

mycelium, which may extend for many centimetres from the root into the soil.

(a)

(b)

(c)

Figure 4.1 Cross sections of (a) vesicular–arbuscular mycorrhiza, (b) ericoid

mycorrhiza and (c) ectomycorrhiza.
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4.1.1. Emanating hyphae and rhizomorphs

The extramatrical mycelium is composed of both undifferentiated

hyphae and structured rhizomorphs. Based on the structure of the emanating

hyphae and rhizomorphs, ectomycorrhizas can be divided into a number of

different exploration types. The ectomycorhizas are grouped into contact, short-

distance, medium-distance, long-distance and pick-a-back exploration types

(Figure 4.2). The medium-distance exploration types are further divided into

fringe, mat or smooth exploration types. A list of the species associated with each

type is given in Table 4.1. The contact exploration types have a smoothmantle and

only a few emanating hyphae. The ectomycorrhizal tips are in close contact with

the surrounding substrates, and emanating hyphae attach to dead leaves. An

example of a contact exploration type is shown in Figure 4.3d. The short-distance

exploration type is characterized by a voluminous envelope of emanating hyphae,

4
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3c

3b

Rh F

Rh F
Rh F

Rh–

Rh–Rh–, A(D, F)

Rh F B, C, D, E

Rh F A, C, D

0.5 mm

Figure 4.2 Schematic drawings of different exploration strategies of the

extramatrical mycelium. (1) Contact exploration, (2) short-distance exploration,

(3a, b) medium-distance fringe exploration and medium-distance mat exploration,

(3c) medium-distance smooth exploration, (4) long-distance exploration, (5) pick-a-back

exploration, shown as mycorrhiza and as soil hyphae in contact and intruding into

rhizomorphs and ectomycorrhizas of a long-distance exploration-type ectomycorrhiza.

All figures are to scale (Rh, rhizomorph; Rh–, rhizomorphs lacking; letters denote the

degree of differentiation, from A, poorly differentiated, to F, highly differentiated).

Reproduced with permission from Agerer (2001).
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but rhizomorphs are not formed. The amount of emanating hyphae formed can be

seen in Figure 4.2. Short-distance exploration types are formed by both Basidomy-

cota and Ascomycota. The ectomycorrhiza shown in Figure 4.3h is Cenococcum

geophilium, one of the most common Ascomycota fungi. In the medium-distance

exploration type, the fringe sub-type forms fans of emanating hyphae and rhizo-

morphs, which ramify and interconnect repeatedly (Figure 4.3g). The rhizomorph

surfaces are often hairy and have emanating hyphae, which extend contact with

the soil. In contrast, the smooth sub-type has almost no or only a few emanating

hyphae. All rhizomorphs are internally undifferentiated or very occasionally have

a central core of thick hyphae. The long-distance exploration type is characterised

by smooth ectomycorrhizal mantles, but highly differentiated rhizomorphs

(Figure 4.3i). This type of rhizomorph can extend though the soil for several tens

of centimetres. The pick-a-back type, so called as one species grows on the hyphae

of another, is typically formed by species such as Gomphidius and Chroogomphus,

which form a smooth exploration type or the smooth sub-type of the medium-

distance exploration type, and grows within the rhizomorphs and/or mantles of

long-distance exploration types of Suillus and Rhizopogon ectomycorrhizas. For all

types of ectomycorrhiza, the greater the length of the rhizomorphs, the greater

the internal differentiation. In addition, themost distant hyphae are thinner than

other hyphae of the mycelium and often have substrate particles glued to their

surfaces. These hyphae, called substrate adhesion hyphae or exploiting hyphae,

are most likely responsible for the uptake of water and nutrients.

Table 4.1 Ectomycorrhizal genera grouped into different distance exploration types

Medium

Contact Short Fringe Mat Smooth Long Pick-a-back

Chroogomphus Ascomycota Amphinema Bankera Albatrellus Boletinus Gomphidius

Lactarius Cenococcum Dermocybe Boletopsis Amanita Boletus Chroogomphus

Leucangium Humaria Cortinarius Geastrum Gomphidus Chamonixia

Russula Sphaerozona Entoloma Gomphus Lactarius Gyrodon

Tomentella Laccaria Hysterangium Polyporoletus Gyroporus

Tuber Lyophyllum Phellodon Thaxterogaster Leccinium

Basidiomycota Piloderma Piloderma Thelophora Paxillus

Hebeloma Tricholoma Ramaria Tomentella Pisolithus

Inocybe Sarcodon Tricholoma Rhizopogon

Rozites Scleroderma

Tomentella Suillus

Tylospora Tricholoma

Tylopilus

Xerocomus

Source: Based on Agerer (2001).
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4.1.2. Identification of mycorrhizas

As already mentioned, many types and species of mycorrhiza occur

within forests, forming communities typical for a particular forest type. Both

the woody and the herbaceous plants in forests are colonised by many species

of mycorrhiza, often within one root system. Thus, identification of mycorrhi-

zas is essential to the understanding of their ecology. Assessment of arbuscular

mycorrhizal and ectomycorrhizal communities was, and in part still is, based

on identification of spores (AM) and sporocarps (EM). Historically, in investi-

gations of community structure, easily visible ectomycorrhizal sporocarps were

usually collected if accessible aboveground. Alternatively, arbuscular mycor-

rhizal spores were sieved from the soil and identified. These methods have

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.3 Different ectomycorrhizal fungi associated with sweet chestnut (Castanea

sativa) roots displaying distinct variation in root tip morphology. Note differences in

branch ramification pattern, mantle texture and lustre, and morphology of the

extraradical hyphae and rhizomorphs. (a) Russula emetica, (b) Paxillus involutus, (c) Boletus

pruinatus, (d) Lactarius subdulcis, (e) Laccaria laccata, (f) Russula rosea, (g) Cortinariaceae

sp., (h) Cenococcum geophilum, (i) Hydnum rufescens. Reproduced with permission from

Blom (2009).
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now been superseded by identification of ectomycorrhizas still attached to

roots on the basis of their morphology, and lately by molecular biological

methods by analysing tissue samples from both ectomycorrhizas and arbuscu-

lar mycorrhizas.

Much of the pioneering work to allow identification of species of fungi

forming ectomycorrhizal root tips was carried out by R. Agerer and his group

(Agerer 2001). This group developed methods for identification of ectomycorrhi-

zal root tips based on the hyphal mantle colour, structure and ramification.

Although these investigations are extremely time-consuming and require a high

level of expertise and experience, they still form the basis for almost all investi-

gations of community structure. The easily observable differences between ecto-

mycorrhizas, such as colour and ramification, allow ectomycorrhizas to be

sorted into groups of morphotypes (Figure 4.3). Indeed, several large-scale investi-

gations have been carried out using only morphotyping techniques. Even today,

morphological pre-sorting of ectomycorrhizal root tips decreases the number of

roots that are subsequently identified by using molecular methods.

Molecular methods have been developed to indentify both arbuscular mycor-

rhizas and ectomycorrhizas in roots. The most important advance in these

methods has been the application of the polymerase chain reaction (PCR). The

PCR forms the basis of all subsequent methods used for final identification.

The primary targets to be amplified have been the ribosomal genes and spacers.

The advantages of using ribosomal genes and spacers are: these regions have a

high copy number; they have highly conserved sequence tracks, which can serve

as sites for primer design; and crucially, they also have variable regions between

the priming sites. In most cases molecular identification of ectomycorrhizal

fungi has used restriction analysis of the internal transcribed spacer (ITS)

region. This is a nuclear region lying between the small subunit and large

subunit ribosomal genes and contains two non-coding spacing regions separated

by the 5.8S rRNA gene (Figure 4.4). The size of the region is in the range of

650–900 base pairs. For amplification a number of primers have been developed,

which vary in specificity, ranging from universal primers to family-specific

primers.

ITS1 ITS2 IGS1 IGS2

IGSITS

18S rDNA 5.8S 28S rDNA 5S  rDNA 18S  rDNA

Figure 4.4 Schematic representation of rDNA with the ITS and the IGS. The dark bars

represent genes with highly conserved sequences; the sequences of the spacers

(thin lines) are more variable. See text for details.
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Characterisation of the PCR products is normally carried out by restriction

fragment length polymorphism (RFLP) analysis or by sequencing. RFLP analysis

of the ITS region can be carried out typically by using two or three restriction

enzyme digests, which cut the amplified DNA strand into fragments with identi-

fiable length. The RFLP approach allows a high degree of success in identification

of species when RFLP patterns from sporocarps and ectomycorrhizal fungi colon-

ising root tips are compared. The technique also allows for a rapid estimation of

the number of ectomycorrhizal species colonising a root system. However, if the

patterns obtained from root tips cannot be matched to sporocarps of known

identity, species identification is not possible. Many of the problems of matching

ITS–RFLP types can be overcome by determining and comparing DNA sequences.

This has been used in a number of investigations of ectomycorrhizal fungal

communities. Using DNA sequences of the ITS rDNA region, up to 95% of root

tips that can be successfully amplified and sequenced can often be identified.

Identification is carried out by comparing the sequence to known sequence data

bases such as the DDBJ/EMBL GenBank database.

Similar methods are used to identify arbuscular mycorrhizas; however, owing

to the difficulty in distinguishing arbuscular mycorrhizal species in roots mor-

phologically, considerably more emphasis has been placed on molecular

methods. As a large part of the biomass of mycorrhizas is formed by the extra-

matrical mycelium, which may extend from one individual genet over several

square metres, methods to determine the extent and species composition of the

extramatrical mycelium in soils have become critically important, not only to

link biodiversity to functionality, but also in defining the extent of individuals,

and thus true estimates of biodiversity.

4.1.3. Determination of the extraradical and extramatrical mycelium

The emanating hyphae that form the extraradicalmycelium of arbuscular

and ericoid mycorrhizas, and the extramatrical mycelium of ectomycorrhizas are

the largest part of the biomass of most fungal species. The total amount of myce-

lium (hyphalmantlemyceliumand extramatricalmycelium)was estimated tohave

a biomass of between 500 and 700 kg ha�1 in the humus layer of a forest soil. This is

a similar order of magnitude to the biomass of the fine roots. As the mycelium is

instrumental in the functioning of mycorrhizas in terms of nutrient acquisition,

estimations of the extent of the extramatrical mycelium, and also the species

composition, is fundamental to understanding the functionality of mycorrhizal

communities. The function of the mycelia as transport structures has been clearly

shown (see also Chapter 7). Even in ectomycorrhizas with a well-developed hyphal

mantle, the contact zone between fungal structures at the root surface and the soil

is small. Thus, the emanating hyphae greatly increase the volume of soil explored.
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Although the potential importance of the emanating hyphae is well

established, only recently have advances been made in methods to quantify the

biomass. To date, most quantification methods have relied upon visual assess-

ment of hyphal length under a microscope, after extraction from the soil and

subsequent staining of the hyphae. To estimate the biomass of the emanating

hyphae biochemically, a number ofmarkers have been used. Chitin is a fungal cell

wall compound, which has been used to measure biomass of the fungal compon-

ents of mycorrhizas and the biomass of the emanating hyphae. Chitin is a rela-

tively recalcitrant compound and persists after the death of the fungi, and thus

gives a measure of both living and dead hyphae. However, chitin is not specific to

fungi: it is also found in insects and other arthropods, and thus background

levels of chitin in soils can be high. Ergosterol is a constituent of fungal mem-

branes, but not plant membranes, and has been used to estimate the biomass of

the living emanating hyphae. In addition to chitin and ergosterol, most fungi

contain the phospholipid fatty acid (PLFA) 18:2o6,9, which makes up a large

proportion of the phospholipid fatty acids in fungal membranes and can be used

for detecting the growth of the extramatrical mycelium of ectomycorrhizas.

High proportions of PLFA 18:2o6,9 are typical of Basidiomycota and Ascomycota,

but this compound is also found in plant membranes. Thus PLFA 18:2o6,9 is

often measured in combination with ergosterol. The amount of PLFA 18:2o6,9

usually correlates very well with the concentration of ergosterol in soil samples.

Wallander et al. (2001) used both chitin and the PLFA 18:2o6,9 to estimate the

mycelia from ectomycorrhizas in a forest soil humus layer. They found that the

fungal biomass was around 900 kg ha�1 using ergosterol and 700 kg ha�1 using

PLFA 18:2o6,9, showing that the methods are comparable. However, both ergos-

terol and PLFA 18:2o6,9 are not specific to ectomycorrhizal fungi as they are also

contained in other groups of fungi. The hyphal biomass of ectomycorrhizal fungi

can therefore be estimated only if the hyphal biomass of saprophytic fungi can be

subtracted. The background biomass of hyphae from saprophytic fungi is nor-

mally measured by root trenching, which inhibits growth of hyphae frommycor-

rhizal roots by cutting their carbon supply. Methods using PLFAs and ergosterol

give an estimate of the total biomass of the extramatrical mycelium, but give no

indication of which species of ectomycorrhiza contribute to the biomass.

Other biochemical markers are used for measuring the emanating hyphae of

arbuscular mycorrhizas. The PLFA 16:1o5 has been used as a biomass marker for

both hyphae and spores of arbuscular mycorrhizas, and is only found in other

fungi in small amounts. However, in soils there is often a background of PLFA

16:1o5 from bacteria, which may constitute up to 30%–60% of the total amount

determined. As a consequence of the high background in soils, the neutral lipid

fatty acid 16:1o5 is often a better marker for detection of arbuscular mycorrhizal
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mycelium. Using such markers, it has been found that the external mycelium

constitutes 70%–80% of the total hyphal biomass of arbuscular mycorrhizas.

Using biochemical markers, it is possible to gain an estimate of the total

biomass of the extraradical or extramatrical mycelium. However, it does not

give an estimate of the contribution of different species, which is clearly a very

important aspect in the ecology of mycorrhizas. To attempt to determine the

contribution of different species to the total hyphal biomass, methods such as

quantitative PCR and denaturing gradient gel electrophoresis (DGGE) have

been applied and are still being developed. Competitive PCR is a popular method

in bacterial community profiling, where a competitor sequence is added to the

PCR reaction mixture. As both the target sequence and the competitor sequence

are amplified simultaneously with the same primer pair, the ratio of these

sequences in the final PCR reaction mixture is proportional to the initial known

amount of the competitor sequence and the unknown amount of the target

sequence. In bacterial studies using competitive PCR, the amount of DNA deter-

mined is usually converted into cell numbers, to allow quantification of

numbers of cells per gram of soil. However, filamentous fungi may have variable

numbers of nuclei per cell, making conversion of the amount of DNA deter-

mined to hyphal mass difficult. Particularly for arbuscular mycorrhizas, variable

numbers of nuclei per cell are a major problem in using competitive PCR to

quantify the extraradical mycelium.

4.2. Community structure

Mycorrhizal fungi influence both the growth of plants and the structure

of the plant community. Similarly, forest communities have strong effects on

soil mycorrhizal diversity, with subsequent possible feedbacks on ecosystem

functioning. Advances in techniques to investigate the physiological function

of mycorrhizas have shown considerable differences between types and species

of mycorrhiza. These differences are particularly obvious for nutrient capture

(Chapter 7), but also include factors such as water uptake (Chapter 5) and

protection of the host plant against pathogens. Multiple mechanisms are

thought to exist by which mycorrhizal fungi confer protection against root

pathogens: by providing a physical barrier to penetration, by secreting antibiot-

ics inhibitory to pathogens, by utilising surplus carbohydrates, by favouring

protective rhizosphere microorganisms, and by inducing, in the host, inhibitors

of the pathogen. However, these mechanisms have been proposed mainly for

individual species of mycorrhizal fungi, whereas field-grown trees often support

complex mycorrhizal communities. As our understanding of the composition of

mycorrhizal communities advances, we can start applying commonly used ideas
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from plant community ecology. In this section we focus on the mycorrhizal

communities in northern forests, and the potential contribution of these com-

munities to forest ecosystem function.

A single genotype of an ectomycorrhiza may form a patch of hyphae linking a

number of colonised root tips, and is termed a genet. The size of genets of

different ectomycorrhizal fungi has been found to vary greatly, from less than

1 m2 in Laccaria amethystina to genets of more than 300 m2, for example for Suillus

pungens and Cortinarius rotundisporus (Table 4.2). Ectomycorrhizal fungi can be

grouped into early and late successional, based on the work of Deacon, Fleming

and others, who looked at afforestation of agricultural land. Early-stage fungi are

those that colonise the roots of newly established trees during reforestation, or

during the initial stages of primary and secondary succession. Late-stage fungi

are those associated with mature stands. However, this terminology is slightly

misleading, as early-stage fungi are also found in old-growth forests. Recent work

has suggested that the terms ‘early stage’ and ‘late stage’ may oversimplify

patterns of fungal succession in native forest ecosystems. The colonisation pat-

terns of particular EcM fungal species may be better described with reference to

selection theory, life history strategies, competition and resource use than by

temporal aspects alone.

Early work (Dahlberg et al. 1997) has suggested that large genets will be

important in old-growth forests. However, as can be seen in Table 4.2, there

is no clear relationship between the successional stage of the fungi and genet

size. Although early-stage fungi tend to form smaller genets in young forests,

late-stage fungi in mature forests form both large and small genets. Small genets

are indicative of sexual reproduction from spores, whereas large genets indicate

old mycelial structures, which have propagated vegetatively over decades or

centuries. Large genets of Suillus variegatus are estimated to be between 70 and

350 years old. In mature forest, both clonal spread via mycelium and infection

via spores seem to be important, as shown by the size and genetic structure of

genets. In species forming small genets, the genets are often found to overlap:

Figure 4.5a shows an example for Lactarius xanthogalactus. In contrast, large

genets tend not to overlap, as in Suillus variegatus (Figure 4.5b). The discrete

distribution of genets and species has also been shown in one of the few investi-

gations of the belowground extent of genets. There was no overlap between the

genets of Rhizopogon vesiculosus and R. vinicolor (Figure 4.6), or between genets of

the same species. In each case the genets linked several trees of Picea sitchensis.

The size and the interactions between genets have considerable implications

for the transfer of C between trees via a common hyphal mycelium, as will be

discussed later. However, it is striking that the evidence so far suggests a discrete

distribution of genets both within and between species. In Pinus sylvestris stands
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in Sweden a negative relationship was found between the appearance of spor-

ocarps of Suillus variegatus and Suillus bovinus, suggesting that the former was able

to suppress the latter. Similarly, the mycelium of Tricholoma matsutake in

expanding fairy rings has been shown to suppress the growth of other fungi.

The growth of the other fungi recovers after the mycelium of T. matsutake

declines as the mycelium ring passes.

Table 4.2 The size of genets of ectomycorrhizal fungi in a number of forest types

Species

Maximum genet

size (m2)

Successional

type Forest type

Hebeloma cylindrosporum 9.6 early Young Pinus pinaster

France, temperate

Laccaria amethystina <1 early Mature Fagus sylvatica

France, temperate

Laccaria bicolor 12.5 early Young Pinus sylvestris

France, temperate

Suillus pungens 300 early/late Mature Pinus muricata

USA, temperate

Suillus variegatus 220 late Mature Pinus sylvestris

Sweden, temperate

Suillus variegatus 570 late Mature Pinus sylvestris

Sweden, boreal

Suillus bovinus 18 late Young Pinus sylvestris

Sweden, temperate

Suillus bovinus 180 late Mature Pinus sylvestris

Sweden, boreal

Cortinarius rotundisporus 700 late Mature Eucalyptus

Australia, temperate

Amanita francheti 1.5 late Mature Pinus muricata

USA, temperate

Lactarius xanthogalactus 9.3 late Mature Pseudotsuga menziesii

and Lithocarpus densifolia

USA, temperate

Russula cremoricolor 1.1 late Mature Pseudotsuga menziesii

and Lithocarpus densifolia

USA, temperate

Suillus grevillei 0.7 late Mature Larix kaempferi

Japan, temperate

Suillus pictus 78 late Mid-age Pinus pentaphylla

Japan, temperate

Tricholoma matsutake 103 late Mature Pinus densifolia

Japan, temperate
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Figure 4.5 Spatial distribution of genets estimated by using sporocarps. (a) Suillus

variegatus in a Pinus sylvestris forest in Sweden. Lines enclose sporocarps belonging

to the same genet. The Pinus sylvestris trees are marked with an X. From Dahlberg

et al. (1997). (b) Lactarius xanthogalactus at a Pseudotsuga menziesii and Lithocarpus

densifolia site in California, USA. Basidiocarps of identical genotypes are connected

by lines, marked by ‘g’ or connected by polygons. Reproduced with permission from

Redecker et al. (2001).
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Estimation of species diversity and community structure of ectomycorrhizal

fungi has been based on inventories of both sporocarps growing above ground,

and ectomycorrhizal root tips growing below ground (Figure 4.7). However, it has

become increasingly apparent that estimates of sporocarp numbers rarely, if

ever, match estimates of belowground abundance. Most of the fine root tips of

ectomycorrhizal trees are colonised by fungi within days of formation. In boreal

and temperate forests, the number of ectomycorrhizal root tips typically ranges

between 104 and 5 � 105 m�2, vastly outweighing the number of fruiting bodies.

There are many examples of the differences between above- and belowground

ectomycorrhizal community structure. In a study in central Sweden, Cortinarius

was the most abundant genus: 25 species collectively formed 42.3% of all spor-

ocarps. However, only 1.6% of the mycorrhizal root tips were found to be colon-

ised by Cortinarius species. Similarly, in a jack pine forest in Canada, Suillus

tomentosa was the most common sporocarp-forming species, but rarely formed

more than 5% of the mycorrhizas. This dichotomy questions the value of spor-

ocarp inventories for estimating community structure, but as prolific formation

of sporocarps is often a marker for extensive formation of extramatrical myce-

lium, it does not question the ecological relevance of these fungi.

Mary’s Peak Mill Creek
N

R. vesiculosus
R. vinicolor
Douglas fir

1m

7.
7m

N

Figure 4.6 Belowground distribution of genets of Rhizopogon vesiculosus (black closed

circles) and Rhizopogon vinicolor (open circles). Plots were within 40–80 yr old and

40–50 yr old second-growth forests, respectively, that were dominated by Douglas

fir (Pseudotsuga menziesii), western hemlock (Tsuga heterophylla) and western red cedar

(Thuja plicata). The trees of Pseudotsuga menziesii are marked with light grey circles; the

other trees are not shown. Reproduced with permission from Kreutzer et al. (2003).
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In conifer forests, the dominant taxa on tree roots have been shown to be

members of the Russulaceae, Thelephoraceae and non-thelephoroid resupi-

nates. In a Picea abies forest in southern Sweden, the ectomycorrhizal commu-

nity was dominated by Cenococcum geophilum, Telephora terrestris, Tylospora

fibrillosa and Tylopilus felleus (Figure 4.7). The dominance of Tylospora is also

particularly common in Picea sitchensis forests in the UK. The common pattern

that emerges in studies of ectomycorrhizal communities is that they are very

diverse, with a large number of rare types. This results in an inverse relation

between abundance and rarity. This relation can be seen in Figure 4.7 for

belowground populations, but also for estimates of sporocarps and above-

ground populations at the same site. Thus in all cases the community com-

prises a few common species and a large number of rare species.

In developing stands, the complexity of the ectomycorrhizal community

increases as the stand develops and as late stage fungi become included in the

community. In a Pinus banksia forest in North Eastern Alberta, the number of

ectomycorrhizal morphotypes found on the roots increased along a chrono-

sequence (Figure 4.8a). Several mycorrhizal species occurred in all stand ages;

these fungi were augmented by a community of late-stage fungi in older stands.

Only a few early-stage fungi present in young stands were absent from older
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Figure 4.7 Aboveground (black bars) and belowground (open bars) abundance of

ectomycorrhizal fungi in a Picea abies forest in southern Sweden. Reproduced with

permission from Jonsson et al. (1999).
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ones. The increase in species richness from the 6-year-old stand to the 42-year-old

stand was primarily due to the replacement of one dominant species, Suillus

brevipes. A similar increase in richness was found in mixed stands dominated by

Tsuga heterophylla and Pinus contorta in northwestern British Columbia, based on

surveys of sporocarps (Figure 4.8b). The frequency of fruiting bodies in old-growth
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Figure 4.8 Species richness of (a) ectomycorrhizas in Pinus banksia stands in Alberta

Canada (Visser 1995). (b) Mycorrhizal sporocarps in mixed stands dominated by Tsuga

heterophylla and Pinus contorta in northwestern British Columbia (Kranabetter et al.

2005).
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forests was evenly divided between species that probably established in early-

and mid-seral stages of development (40% each), followed by species associated

with late-seral stands (20%). Kranabetter et al. (2005) concluded that the pattern

of ectomycorrhizal species across stand ages suggests that ectomycorrhizal suc-

cession is primarily an accumulation of species, and is probably affected by

differences in dispersal of ectomycorrhizal fungi, soil properties (increased soil

acidity and reduced nitrogen availability), and the rate of stand development.

There is considerable overlap between the species of ectomycorrhizal fungi

colonising roots of old and young trees. In an investigation of old growth Pinus

sylvestris in northern Sweden, out of 23 species found, 10 occurred on both young

and mature trees. These 10 species accounted for 92% and 73% of the mycor-

rhizas on seedlings and mature trees, respectively. Similar results have also been

shown for other forest types, such as coastal forests of Pinus thunbergii in Korea.

This provides evidence of a continuity of mycorrhizal fungi between trees of

different ages in old-growth forest and lays a foundation for common mycelial

networks (Jonsson et al. 1999).

Ectomycorrhizal community structure varies in both time and space. The

population structure of ectomycorrhizas varies throughout the vegetation

period and probably between years. In two beech (Fagus sylvatica) forests, domin-

ance in the ectomycorrhizal community changed over the vegetation period. In a

calcareous beech forest (Göttinger Wald) the percentage of Lactarius subdulcis in

the total population of root tips observed increased from 12% to c. 60% over

the vegetation period (Figure 4.9a). Similarly, in an acidic beech forest (Solling)

the percentage of Xerocomus chrysenteron decreased and that of Cenococcum

geophilum increased over the vegetation period (Figure 4.9b). The increase in

dominance of Lactarius subdulcis and Cenococcum geophilum is in part due to the

longer average lifespan of these species. Lactarius subdulcis mycorrhizas had an

average lifespan of 83 days compared with a 39 day average for the other

mycorrhizas. Similarly, the lifespan of Cenococcum geophilum mycorrhizas was

94 days, that of Xerocomus chrysenteron 76 days and the other mycorrhizas 72 days.

There are vertical gradients in the distribution of ectomycorrhizal fungi, and

also seasonal fluctuations inbelowgroundabundance. In forests, thedensity (units

of biomass per unit volume of soil) of roots and root tips is normally highest in

organic soil layers compared to the mineral soil. Similarly the distribution of

ectomycorrhizal species also differs between soil layers. Cenococcum geophilum

mycorrhizas has been preferentially found in organic layers whereas Tylospora

fibillosawas found preferentially in the mineral soil. In a boreal spruce/pine forest

dominated by 60–80-year-old Norway spruce (Picea abies) on a podzol, Piloderma

byssinum and an unidentified Inocybewere restricted to the organic layer, whereas

Tomentellopsis submollis, Piloderma fallax, Hygrophorus olivaceoalbus, Russula decolorans
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Figure 4.9 (a) The proportion of Lactarius subdulcis and other species in the

ectomycorrhizal population in a calcareous beech (Fagus) forest and

(b) the proportion of Xerocomus chrysenteron, Cenococcum geophilum and other

species in the ectomycorrhizal population in an acidic beech forest, both observed

using horizontal rhizotrons over the vegetation period 1997. Reproduced with

permission from Sittig (1999).
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and a Dermocybe species were found in the organic layer and the E horizons. In

contrast, Suillus luteus, Lactarius utilis and three unidentified Piloderma species were

associatedwith themineral horizons.More importantly, two thirds of the root tips

were found in themineral soil and half the taxawere restricted to themineral soil.

Also of note is the distribution of the Pinus-specific species Suillus luteus, which was

only found in the mineral soil. This distribution probably reflects the greater

rooting depth of Pinus sylvestris compared with Picea abies, and emphasises the

importance of the tree root distribution for the vertical distribution of ectomycor-

rhizal fungi.

Genney et al. (2006) examined the fine-scale distribution of mycorrhizas and

their extramatrical mycelium in a Pinus sylvestris site. The soil at this site was a

weakly developed podzol with an organic layer composed of litter (L), fermen-

tation (F) and humic (H) layers with a sand E/B horizon (Figure 4.10). Consider-

able differences were found in the distribution of ectomycorrhizas and their

extramatrical mycelium. Cortinarius spp. mycorrhizas were only found in the

F and H horizons, whereas Cortinarius extramatrical mycelium was found at all

depths, but most frequently in the L horizon and F horizons, i.e. above the main

occurrence of the mycorrhizas themselves. In Clavulinaceae spp. almost all

mycorrhizas were found in the F and H horizons, but the extramatrical myce-

lium was found at all depths. Lactarus rufus and Cenococcum geophilum mycor-

rhizas were found in L, F and upper H horizons, but Lactarus rufus was most

abundant in the L horizon and Cenococcum geophilum in the F horizon. The

extramatrical mycelium of both was mainly found in the organic horizons,
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Figure 4.10 Depth distribution of ectomycorrhiza (grey bars) and extramatrical

mycelium (black bars) in a Pinus sylvestris forest in Scotland. Reproduced with

permission from Genney et al. (2006).
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but some was detected in the sand horizon below the main occurrence of

the mycorrhizas themselves. Cortinarius sp. and Clavulinaceae sp. mycorrhiza

distributions overlapped but were segregated as extramatrical mycelium, which

may be a further example of competitive exclusion.

4.2.1. Common mycelial networks

Common mycelial networks are fungal hyphae that directly connect

two or more plants. A prerequisite for trees to belong to a common mycelial

network is that they must be colonised by the same mycorrhizas. There is

evidence to suggest that common mycelial networks may be involved in the

transfer of C between adult trees and seedlings, as well as in N and P transfer. As

discussed above, it has been shown that in many tree species in old growth

forests seedlings and mature trees are ectomycorrhizal with the same suite of

fungi. In a mixed species forest of Pinus sylvestris and Betula pendula, it was shown

that adults in the canopy contributed most of the carbon to the common myce-

lial network. More directly, Quercus rubra seedlings planted near ectomycorrhizal

Quercus species had improved establishment, and growth, compared with seed-

lings near arbuscular mycorrhizal Acer rubrum. This suggests that C transferred

via a common ectomycorrhizal mycelial network may have benefited the seed-

lings. However, recently it has been shown that under laboratory conditions a

fungus from the Hymenoscyphus ericae aggregate forms ectomycorrhizas on Pinus

sylvestris and ericoid mycorrhizas on Vaccinium myrtillus, which increases the

possibility of a common mycelial network between trees and ground vegetation.

4.2.2. Relating ectomycorrhizal community structure to ecosystem function

In plant ecology, it has been assumed that biodiversity influences

ecosystem stability and productivity. However, stability may be more closely

related to the number of guilds with a functional significance than to the

number of species per se. Thus, when assessing biodiversity, not only the number

and distribution of species must be considered, but also functional diversity

and redundancy. Functional diversity is defined as the number of distinct pro-

cesses or functions that are carried out by a community. Functional redundancy

is an estimate of the number of different species within the various functional

groups or guilds. Considerable differences have been shown in the physiological

function of different ectomycorrhizal species. This has been shown for a range

of physiological functions such as nutrient uptake, heavy metal tolerance

(Jentschke et al. 1998), direct mobilisation of nutrients fromminerals, and utilisa-

tion of organic nitrogen and phosphorus forms. All of these processes have

important implications for forest ecosystem function, in particular mineral

nutrition and soil development. Much of the information about physiological
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function of ectomycorrhizas is limited to a relatively small number of

species, such as Paxillus involutus, Laccaria laccata, Pisolithus tinctorius, Hebeloma

cylindrosporum, Suillus bovinus and Telephora terrestris. These species are, in the

main, early-successional fungi and can be cultured with a range of host tree

seedlings. However, there is a large dichotomy between the group of species

about which most is known physiologically, and those that occur most com-

monly in natural ecosystems. Many of the species most common in natural

ecosystems are species that do not form an extensive extramatrical mycelium,

such as those of Tylospora and Russula. The ability of ectomycorrhizas to capture

and transport nutrients is believed to be strongly related to the explorative

ability and function of the extramatrical mycelium. Clearly, many of the ecto-

mycorrhizal species that do not produce an extensive extramatrical mycelium

may have other functions.
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Soil water

Water availability is a key factor affecting the development of soil and

ecosystem type. The availability of soil water is controlled by the rates at which

water is replenished from the surrounding environment and at which it is

removed by vegetation and drainage. Water is replenished in soils from precipi-

tation, groundwater and to a small degree through condensation of atmospheric

water. In addition, trees are capable of moving water within the soil profile from

areas of high to areas of low water potential. The concept of water potential is

discussed below. Most soils in northern forests characteristically have a flow of

water driven by gravity. The water retained in the soil after free draining is

known as the field capacity, which is determined by a number of soil properties,

both chemical (adsorption) and physical (aggregate size). Excess water in

soils results in filling of the pore volume, resulting in waterlogging or gleying

of soils, with consequences for soil organisms and the development of root

systems.

5.1 Introduction and background

5.1.1 Water-binding forces in soils

Water retention in soils is controlled by a number of factors. The bind-

ing of water in soils is controlled by both the interaction of water with charged

surfaces of the soil solid phase, and the interaction between the water molecules

themselves. The soil solid phase is made up from minerals of differing sizes such

as clays and sand, and soil organic matter (Chapter 2). Both the mineral and the

organic components of the soil provide charged surfaces for the binding of

charged elements, such as metal ions and water. The interactions of water with

the solid phase are divided into adsorption and capillary forces.
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The forces involved in adsorption are electrostatic attractions between coun-

ter ions and the charged surfaces of the solid phase, as well as direct binding via

Van der Waals forces and hydrogen bonds between oxygen atoms of the solid

phase and water molecules. The strongest bonds are formed by water molecules

closest to the solid phase. This stronger binding has consequences for water

retention in drying soils, making the final 5% of water very difficult to remove.

The capillary water within the soil forms as a result of cohesion forces

between the water molecules themselves forming a meniscus, and as a conse-

quence, a higher surface tension and a lower vapour pressure compared with

free water. The greater the water content of the soil, the more capillary forces

increase in importance. The strength of the binding of water in soils is depend-

ent upon the size of soil pores. The smaller the pores, the greater the binding of

water, and thus the greater the amount of energy required extract it. Thus, pore

size has a significant influence on water retention in different soil types.

5.1.2 Water potential

The binding of water in soils is of considerable ecological significance as

it affects both water movement within soils and the ability of plant roots to take

up water from soils. The force required to move water into plant roots and

within soils is described by potentials. In its simplest form, the water potential

in soils can be described by the equation

Cw ¼ Cm þCg

where Cw is the soil water potential, Cm is the matric potential and Cg is the

gravitation potential. The matric potential includes both the absorption and

capillary forces, but also the osmotic potential of soil water. By definition, as the

water content of the soil decreases, the water potential becomes more negative.

The main component of the right-hand side of the equation is the matric

potential, which becomes more negative as the water content of the soil

decreases and hence the binding forces holding water molecules to solid phase

increase in relative importance.

The relationship between thematric potential and thewater content of the soils

is dependent upon a number of soil factors, but primarily the size of the pores. The

pore size of soils is controlled by the aggregation of soil particles and the size of

the aggregates (Chapter 3). As a consequence of the aggregate size, soils differ in the

distribution of pore size. Whereas in silty soils the medium size pores make up

c. 20% of the pore volume and fine pores only 10%, in clay soils fine pores make

up c. 30% of the pore volume. This difference in the pore size distribution has

considerable impact on water retention of different soil types. The relationship

between water potential and water content is shown in Table 5.1. Whereas water
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can rapidly be removed from sandy soils, a greater force is required to remove

water from clay soils, owing to the highermatric potential of the soil. As a result, at

a 20%water content sandy soils feel wet, silty soils feel damp and clay soils feel dry.

Soil moisture is commonly expressed as the soil water potential or the per-

centage water content. Soil water content is expressed on a mass or volumetric

basis (m3 m�3).

The hydraulic conductivity of the soil is a measure of how easily water can

move through the solid phase. The hydraulic conductivity is a function of the

matric potential, and is strongly affected by the water content of the soil. At 40%

water content, the hydraulic conductivity of a sandy loam is 1e�3 cm s�1, and

decreases to c. 1e�6 cm s�1 at 20% soil water content.

5.1.3 Soil moisture heterogeneity

Within a stand and within a soil profile, the availability of water can

vary considerably. In most stands there is a large spatial variation in water

content related to replenishment of soil water by canopy throughfall, and

removal of water from the soil by the trees.

An example of the changes in soil water content down a soil profile is shown in

Table 5.1. The table shows the gravimetric water content for a Fagus sylvatica-

dominated forest at Suserup, Denmark (Dalsgaard 2007). The measurements made

in summer showhigherwater content in theAhorizon than in the E andBthorizon.

Similarly, spatial distribution of soil moisture varies greatly within a stand;

an example is shown in Figure 5.1. The soil water content was relatively homo-

geneous in January–April, decreased steadily during spring and summer in the

closed forest, but remained high in the gaps.

Such vertical and lateral heterogeneity in forest soil is due to a number of

factors, including the structure of the canopy affecting the distribution of inputs

Table 5.1 Soil water content as percentage volume measured gravimetrically or

by total domain reflectance (TDR) in soil horizons of a Fagus sylvatica forest at

Suserup, Denmark

Values are means �SE.

Soil water content

Soil horizon Soil depth (m) Gravimetric TDR

A 0–0.2 31.0�1.9 32.7�0.9

E 0.2–0.33 24.2�1.5 27.5�0.8

Bt 0.33–0.41 25.9�0.9 25.9�1.4

C >0.41 27.3�2.1 24.4�2.9

Source: Redrawn from Dalsgaard (2007).
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through stemflow and throughfall, the individual crown interception efficiency

in relation to crown structure, and the formation of canopy gaps. In addition,

soil factors play a major role; such factors include the hydrophobicity of the

organic layer, preferential flow paths in the soil, and water removal by roots.

The preferential flow paths in forest soils with a pH too low for deep

burrowing earthworms are primarily from old root channels and structural

15

20

20

20

20

20

20

20

20

20

20

20
20 20

202020

20

20

20
20 20

20
2020

20

20

20

20

25

25

25

25
25

2525

25

25
25

25

25
25

25

25

25

2520

15

(c)

(a) (b)

10

5

0

15

20N
or
th

D
is

ta
nc

e 
fr

om
 g

ap
 c

en
tr

e 
(m

)

Distance from gap centre (m)

N
or
th

So
ut
h

So
ut
h

West WestEast East

25
–15

–15

–20 –15 –10 –20 –15 –10 –5 0 5 10 15–5 0 5 10

–10

–10

–5

–5

0

5

10

15

20

25

(d)

15 15

15

15

15

15

15
10

10

10

10

10

10

10

10

15

15

15 15

15

15

15 15

15

15

15

15

1515

15
15

15

15

15

2D Graph 3

20

10

20

20 20

20

20

25

15

10

15

15

15

Figure 5.1 Smoothed values of volumetric soil water content at 0–0.5 m depth

in and around a canopy gap during the summer of 2000 in a Fagus sylvatica forest

at Suserup, Denmark. The maps show values for July (a), August (b) and September

(c). The numbers mark the boundaries between the different zones of soil water

content. Panel (d) shows the location of trees in and around the gap (grey circles).

The size of the circles is scaled from tree diameter. The gap centre is at (0.0) m,

and the black line indicates the edge of the gap. Triangles mark the positions of

moisture sensors. Reproduced with permission from Dalsgaard (2007).
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voids such as cracks or fissures. At higher pH, the burrows of earthworms make a

significant contribution. Preferential water flow has been shown to be due to

factors such as macropore flow, fingering, and funnelled flow (Figure 5.2). The

effect of preferential flow path on the downward movement of water can be seen

in Table 5.2. Using the deposition of 137Cs and 239, 240Pu from atomic bomb testing

in the 1960s and the Chernobyl accident, Hagedorn and Bundt (2002) calculated

the recovery of the deposition in the soil matrix and preferential flow paths.

Between 75% and 85% of the activity was recovered in the preferential flow paths.

As well as the hydraulic properties of the soil, the tree root distribution taking

up water causes substantial heterogeneity of soil water tension. Furthermore,

the degree of heterogeneity increases at high water tension compared with low

water tension. Thus, an onset of soil drying increases the heterogeneity of water

availability in soils.

5.2 Water acquisition by roots and mycorrhizas

In roots, water can be transported via the apoplastic and symplastic

pathways. The apoplastic pathway is blocked at the exodermis and endodermis

by the formation of suberin. Both of these layers have passage cells, which allow

Figure 5.2 Downward percolation of soil water, highlighted by the movement of food

colouring. The colouring was applied onto undisturbed soil surface and the soil profile

was exposed after about 100 mm of cumulative precipitation, which dissolved and

moved the colouring. Photo: J. Capuliak (capuliak@nlcsk.org).
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water flow either into the apoplast of the cortex (at the exodermis) or into the

xylem vessels (at the endodermis). Eventually, water must move into the sym-

plast across a plasma membrane, where the flux of water is controlled by

aquaporins. Aquaporins allow the passage of water and are vital to lowering

the resistance to water flow through the symplastic pathway. Short- and long-

term alterations of the radial pathway, i.e. movement from the outside to the

centre of the root, usually resulting in an increase of radial resistance, are

mediated by aquaporins.

The exodermis may play a strong role in controlling water movement in fine

roots of trees that are colonised by arbuscular mycorrhizas. However, in ectomy-

corrhizal root tips, the fungal sheath forms the initial barrier to water move-

ment. In older roots, the cortex is shed and replaced by a suberised rhizodermis.

This tissue will slow water uptake, but does not completely prevent it. As a

consequence of this suberisation, water uptake is dominated by fine roots and

elongating exploratory roots. In the root tips of elongating exploratory roots, the

endodermal layer has not formed, and thus there is a free flow of water and

solutes through the root tip apoplast to the xylem vessels, which then transport

water upwards to the canopy.

Distribution of fine roots and the root architecture of structural roots and in

the soil are of great importance, as they determine plant access to water. Fine

root density generally decreases with soil depth (Figure 5.3), but species-specific

vertical rooting patterns can be seen.

Fagus sylvatica forms a heart-shaped or cone-shaped root system in which the

fine root density in the soil decreases exponentially with depth. In contrast, the

fine roots of Betula pendula are concentrated in the upper soil layers, their density

then decreases sharply and continuously with depth. In Pinus sylvestris the major-

ity of the fine root biomass is in the upper 30 cm of the soil, with smaller

amounts in the deeper soil layers. In most trees, these species-typical patterns

are more pronounced in older trees.

Table 5.2 Rates of deposition and mass recovery of 137Cs and 239, 240Pu in

preferential flow paths, soil matrix and the mixed bulk soil

Values are means �SE.

137Cs (kBq m�2) 239, 240Pu (kBq m�2)

Deposition 8.7 81�18.5

Recovery in flow paths 6.6�0.5 69.7

Recovery in soil matrix 2.7�0.1 29.9

Recovery in bulk soil 8.5�0.8 n.d.

Source: Redrawn from Hagedorn and Bundt (2002).

835.2 Water acquisition by roots and mycorrhizas



The patterns of fine root biomass are a consequence of the rooting pattern of

coarse structural roots. Many tree species have a structural coarse root system,

which penetrate into deeper soil layers, thus enabling access to subsoil resources

of water, for example many pines and oaks with tap roots. Oaks have been found

to successfully reduce water stress by deep rooting, whereas beech roots are less

frequent at greater depths and beech may thus be more susceptible to drought.

The rooting depth of such tap roots is also important in hydraulic redistribution,

which will be discussed later.

The fine root distribution has a significant effect on water acquisition from

different soil layers (Figure 5.4). Under developing summer drought, the soil

layer contributing to the overall water uptake of Quercus coccifera changes greatly.

The example shown is of a Mediterranean oak stand, but similar relationships

can be expected in drought-affected northern forests. Before the onset of

drought, water is taken up primarily from the upper soil layers. Approximately
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Figure 5.3 Fine root distribution of Betula pendula (birch), Fagus sylvatica (European

beech) and Pinus sylvestris (Scots pine) growing in the Central Massif, France. The trees

were in unmanaged pine-dominated or birch-dominated stands, with ages ranging

from 39 to 73, and 25 to 45 years, respectively. The beech were in the understory and

were 15–27 years old with a height of 10–15 m. Bars show means �SE. Redrawn with

permission from Curt and Prevosto (2003).
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70% of the overall water uptake is from the first metre of soil in late May and

early June. With the onset of drought, water is removed progressively from

deeper soil layers as the soil dries out. During the first 3 weeks of August, over

35% of the water uptake is from soil layers at a depth of 4m. At the end of

September, little water is taken up from all layers.

The ability of root systems to explore the soil for heterogeneously distributed

moisture is crucial for successful water uptake. Foraging for soil water may be

very important in densely rooted mixed forests. In loblolly pine (Pinus taeda) in

the Eastern United States, fine root density was higher in xeric and subxeric soils

than in soils with intermediate water contents. However, on all soil types fine

root density was c. 17 times higher in old root channels and c. 4 times higher on

rock surfaces compared with the bulk soil matrix. Root channels not only

provide easier root penetration paths through the soil, but also constitute

preferential flow paths for water, as do rock surfaces. Rooting in soil patches

with different moisture contents can allow a transfer of water from wet soil to

dry soil via ‘hydraulic redistribution’.

Mycorrhizas have the potential to affect tree water relations through both the

direct uptake of water and improved mineral nutrition. There is strong evidence

to show that mycorrhizas improve the P and K status of plants, which increases
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Figure 5.4 Contribution of different soil layers to overall water uptake by Quercus

coccifera evergreen scrub. The data are from a study over seven years, 1975–1981, in

southern France. Reproduced with permission from Breda et al. (2006), original data

from Rambal (1984).
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the plants’ ability to regulate water loss via improved stomatal regulation.

Owing to the large contact area between the extramatrical or extraradical myce-

lium of the mycorrhizas and soil particles, mycorrhiza formation has the poten-

tial to improve water supply to the host plants. Trees of northern forests form a

wide range of mycorrhizal associations (Chapter 4), the dominant types being

ectomycorrhizas (EM) and arbuscularmycorrhizas (AM). Many species of tree, such

as Populus spp., form both of these types on the same root system. There are

considerable differences in morphology between the hyphae forming the extra-

matrical (EM) or extraradical (AM) mycelium. The hyphae of arbuscular mycor-

rhizas are small in diameter (1–12 mm) compared with the hyphae of

ectomycorrhizas, which tend to be larger, but ectomycorrhizas also form a

range of differentiated rhizomorphs with a larger diameter (up to 200mm).

These rhizomorphs are subdivided into exploration types (Agerer 2001), and

particularly the long- and medium-distance exploration types (see Figures 4.2

and 4.3) have the potential to transport water. Much of the evidence for direct

transport of water in ectomycorrhizas has been gained from experiments in

which the rhizomorphs and hyphae have been severed, resulting in a decrease

in transpiration of the host tree. However, there may be differences between tree

and mycorrhizal species combinations. For example, only a small influence of

mycorrhization was shown onwater uptake by beech (Fagus sylvatica) saplings, but

in contrast, experimental severing of the hyphal net strongly decreased the

amount of water transpired by oaks (Quercus spp.). Such differences may reflect

the mycorrhizal species used, and in particular whether the mycorrhizal species

form rhizomorphs. However, not all enhancement of water uptake is mediated

simply by the extramatrical mycelium. In roots of Populus, mycorrhizal colonisa-

tion increases expression of aquaporins, which has the potential to decrease

radial hydraulic resistance.

5.3 Hydraulic redistribution

Hydraulic redistribution of water in soils is the movement of water from

moist soil to dry soil, along a water potential gradient via roots and mycorrhizas.

Commonly, this describes transport of water from wetter, deeper soil layers to

drier surface layers, particularly overnight. However, transport from moist sur-

face layers, for example after rainfall, to drier subsoil layers can also occur. In

most cases hydraulic redistribution occurs during the night when transpira-

tional water loss decreases. Water flow into the xylem of roots in deeper moist

soil layers continues, and there is a reverse flow along the roots in the drier

surface soils. Hydraulic redistribution has also been observed to take place

between irrigated and dry soil areas. Through this rewetting of soil, hydraulic
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redistribution can facilitate nutrient uptake, buffer plants against water deficits,

and also rewet the rhizosphere to prevent an increase in soil hydraulic resist-

ance found in dry soils. Hydraulic lift is often described in semi-arid environ-

ments, but recently this has also been shown in old-growth interior forests in

western United States, which are dominated by Douglas fir (Pseudotsuga

menziesii) and ponderosa pine (Pinus ponderosa). The important factor is the

difference in water potential between the wet and the dry patch, which must

be sufficiently large to drive flow along roots. The threshold soil water potential

(c) to start hydraulic redistribution is between �0.4 and �0.2 MPa, with max-

imum rates at �0.8 MPa. An example of nocturnal movement of water by

hydraulic redistribution is shown in Figure 5.5.

The figure shows the relationship between soil moisture (y) and soil water

potential (csoil) at 30 cm soil depth in a ponderosa pine (Pinus ponderosa) stand

in central Oregon composed of old-growth trees (250–300 years old) mixed with

younger (50–100 years old) suppressed trees. The stand is subject to a prolonged

seasonal drought between spring and autumn with only 10% of the

annual precipitation falling in this period. A clear recovery of both moisture (y)

and soil water potential (csoil) can be seen compared with the daytime values.
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This recovery was greater under cloudy conditions with a lower vapour pressure

deficit and low net radiation, resulting in more than 100% recovery, i.e. a greater

wetting of the soil on some days.

Considerable differences in the total amounts of hydraulic redistribution

have also been shown between tree species. Figure 5.6 illustrates the seasonal

mean daily redistribution of water in a ponderosa pine stand, but also in an old

growth (450 years old) Douglas fir (Pseudotsuga menziesii) stand in Washington,

which experiences the same summer drought. In the surface layers, more water

is redistributed in Douglas fir than in ponderosa pine, but the amount redistrib-

uted in pine is similar in all soil layers. In contrast there is a strong decrease in

the lower soil layers in the Douglas fir stand, which was shown to be due to a

decrease in the number of fine roots. At all the soil water potentials measured,

roots with a diameter of 2–4 mm maintained xylem conductance; however, the

xylem of fine roots became embolised, indicating the existence of a hydraulic

fuse at high water potentials.

The amount of water supplied by hydraulic redistribution is small when

compared with the absolute amount of water used (Table 5.3). Estimates vary

between species, but in Artemisia tridentata hydraulic redistribution is 3.5% of the

seasonal water uptake. In Pseudotsuga menziesii and Pinus ponderosa, hydraulic

redistribution was estimated as 4%–10% or 15%, respectively, of daily water use.
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Figure 5.6 Seasonal mean daily hydraulic redistribution of soil water (HR) measured

across multiple years in relation to soil depth in mixed old-growth forest of Pinus

ponderosa (triangles) and Pseudotsuga menziesii (circles). Values shown are the mean

(�SE) hydraulic redistribution following the last rainfall of >25 mm. For Pseudotsuga

menziesii, points not followed by the same letter are significantly different (P¼ 0.001).

No significant effects were found for the Pinus ponderosa site. Reproduced with

permission from Warren et al. (2007).
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However, watermovement is not restricted to roots, asmycorrhizal hyphae and

rhizomorphs have also been shown to facilitate hydraulic redistribution. There is

a growing body of evidence to show the involvement of mycorrhizal hyphae in

transport of water to trees and movement of water between trees via a common

mycelial network. In an investigation using plants and trees of mid-elevation

communities of the Sierra Nevada mountains water was shown to move from a

donor woody shrub, manzanita (Arctostaphylos viscida) to seedlings of Pseudotsuga

menziesii and Pinus lambertiana (sugar pine) via a common mycelial network.

Laboratory investigations have also shown that both deuterated water and fluor-

escent dyes can move from donor tree roots via different species of mycorrhizal

fungi into the soil (Figure 5.7). The amount of hyphae of each fungal type labelled

with the dye at different distances from the tree (Quercus agrifolia) is shown. Water

transport was shown in all three types of fungus. During the first three days, large

amounts of dye were found in Cenococcum (EM), but this decreased with distance

and time. In contrast, Cortinarius (EM), a genus that forms long-distance type

rhizomorphs, transportedwater over 14 cm and the amount of dye did not decline

with time. In this work, transport of dyewas also demonstrated by glomalean (AM)

fungi. This is in strong contrast to the assumption that the diameter of the hyphae

of glomalean fungi is too small to transport water.

Water movement has also been shown to take place through a commonmycor-

rhizal hyphal network from donor plants to receiver plants through an intercon-

nected hyphal network of both ectomycorrhizal and arbuscular mycorrhizal

fungi, suggesting a role for arbuscular mycorrhiza in water movement. In a field

investigation of Pinus ponderosa, deuterated water placed on the cut stumps of

adult trees could be traced after 3 weeks to Pinus ponderosa seedlings planted in

61 mm stainless steel mesh bags. The mesh bags prevented growth of roots but

allowed the seedlings to connect to the adult trees via a common mycelium. This

tracer had moved via root/hyphal/soil transfer to a number of other species of

woody plant and had moved up to 6 m from the point of application.

The amounts of water thought to be made available by hydraulic redistri-

bution via mycorrhizal hyphae compared with total water use is small. Such

Table 5.3 Hydraulic redistribution as a percentage of seasonal or daily water use

for three different species

Species Hydraulic redistribution as % of use Reference

Artemisia tridentata 3.5 (seasonal) Ryel et al. 2002

Pseudotsuga menziesii 4–10 (daily) Warren et al. 2007

Pinus ponderosa 4–15 (daily) Warren et al. 2007

895.3 Hydraulic redistribution



small amounts could be critical for seedlings on the forest floor, and also for

ground vegetation. However, as soils dry, there is an exponential increase in soil

hydraulic resistance. It is reasonable to assume that water is removed first closest

to the root surface in the rhizosphere. Very dry layers of soil in the rhizosphere

would cause a hydraulic barrier to water flow until the soil is rewetted by

diffusion from the surrounding soil layers. Constant rewetting of the rhizo-

sphere (the area of soil around the root) or hyphosphere (the area of soil around

the hyphae) soil may aid access to water in the surrounding soil. In addition,

there is also evidence to show that rewetting of the rhizosphere increases the life

span of ectomycorrhizal hyphae under summer drought.

5.4 Waterlogging

In soils with permanent or seasonal waterlogging, anoxic conditions

prevent deep rooting by inhibiting root exploration of those soil layers. This

may be due to both physical factors, such as water preventing gas diffusion in

soil pores, and chemical factors, such as high concentrations of reduced iron.

4 cm from plant, 3 days soil drying

14 cm from plant, 3 days soil drying

4 cm from plant, 12 days soil drying

14 cm from plant, 12 days soil drying

300

250

200

150

100

50

0

cm
 h

yp
ha

e/
g 

so
il

a

a

a

a

b
b

c

a a
a

b

a

Cortinarius sp. Cenococcum geophilum Glomalean fungi

Figure 5.7 Abundance and percentage labelling of mycorrhizal hyphae at two

different locations in a fungal chamber. The horizontal line marks 100% for each bar.

Hence for Cenococcum geophilum at 4 cm on day 3, 90% of the hyphae were labelled

with a fluorescent tracer to mark water movement, where as at 14 cm on day 12 only

50% of the hyphae were labelled. For each fungal taxon and date, mean hyphal lengths

with the same letter are not significantly different (p < 0.05). Reproduced with

permission from Querejeta et al. (2003).
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Even under moderate conditions, high soil moisture affects rooting depth and

distribution. In Picea sitchensis, the thickness of the root plate was lower in stago-

orthic gleys than humic stagnorthic gleys, leading to decreased individual

tree stability. Pinus pinaster growing on a humid and dry site altered its root

distribution; this was significantly shallower and root diameter increased more

with depth at the humid site. This was suggested to be due to adverse soil

conditions, such as the presence of a hardpan, higher concentrations of alu-

minium oxides and/or anoxia at depth. Seasonal waterlogging of sub-soils also

restricted the growth of fine roots of Picea abies and Abies grandis, but this

influence was greater in Picea abies than in Abies grandis. During the
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Figure 5.8 Vertical distribution of fine roots of Picea abies at three sites with a different

degree of forest decline in the Krkonoše mountains, Czech Republic. The damage to

the forest cover in Modrý Důl, Alžbétinka and Mumlavská Hora was classified

according to the Czech Forest Authority as second, third and fourth degree,

respectively. The three sites are relatively homogeneous in soil parent material

(granite and gneiss), elevation (from 1190 to 1220 m a.s.l.), average annual

precipitation (1390–1500 mm yr�1) and temperature (2.5–3.8 �C). The original forest

cover consists of plantations of Norway spruce approximately 130 years old in

Modrý Důl, older (210 and 190 years) in Alžbétinka and Mumlavská Hora. The sites

differ in their geomorphic position: Modrý Důl and Alžbétinka are located at

mid-slope, whereas Mumlavská Hora is on a summit. Within a site, bars not

followed by the same indices (a, b) vary significantly between soil depths. Within a

soil depth, bars not followed by the same indices (x, z) vary significantly between sites.
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waterlogging period in Abies grandis, the dead fine root biomass was greater

than the live fine root biomass, but the fine root biomass increased by 50%

during the non-waterlogged period. Figure 5.8 shows the effect of a high soil

water table on the fine root distribution of Picea abies growing at three sites in

the Krkonoše mountains, Czech Republic. At the mesic Modrý Důl and Alžbĕ-

tı́nka sites, fine roots are found to a depth of 20 cm. In contrast, at the

Mumlavská Hora site, which is subject to regular waterlogging, the fine roots

are restricted mostly to the upper 5 cm of soil.

In sensitive tree species (e.g. Picea sitchensis), waterlogging results in death and

dieback of fine root tips. However, the timing of fine root growth and dormancy

influences the degree to which the roots are affected. Provenances of Picea

sitchensis with an earlier root dormancy are less sensitive to autumn waterlog-

ging than late-dormant provenances.

The effect on rooting varies between species depending upon tolerance to

waterlogging, but even tolerant trees tend to have shallower root systems in

permanently wet soils. In heterogeneously waterlogged soils, root biomass of

more flooding-tolerant species (e.g. Fraxinus pennsylvanica) decreased, but biomass

of the less tolerant Liquidambar styraciflua was not affected. However, the rooting

pattern can change rapidly due to death of roots after prolonged inundation. In

Salix spp., Populus canadensis and Alnus glutinosa, the dieback of the root system

due to flooding led to promotion of renewal of the fine root system. However,

under non-waterlogged conditions these tree species also tend to have high rates

of root turnover, which may be a reflection of high plasticity of the fine root

system, an adaptation to deal with large fluctuations in environmental condi-

tions. Again, similar relationships have been shown in floodplain forests. In a

laurel oak (Quercus laurifolia) habitat with a shallow root zone and episodes of

flooding and drought, greater changes in root structure and physiology occurred

than in a swamp tupelo (Nyssa sylvatica) habitat, which had a deeper rooting zone

and a more consistently moist to flooded hydroperiod.

The most frequently reported reactions of tree root systems to waterlogging,

and hence anoxia, are increased formation of lenticels, followed by the differen-

tiation of adventitious and flood-adapted roots. These adaptations have been

described for a broad range of temperate tree species. Adventitious roots are

produced on the original root system and on the submerged portions of stems

and have been found to have larger specific root area and more intercellular

space (aerenchyma) than roots growing in well-aerated soils. They are thought to

increase water absorption and to oxidise the rhizosphere and vent soil-bound

ethene and CO2. Under waterlogged conditions, 30% higher soil redox potential

within the rhizosphere of Fraxinus pennsylvanica seedlings than in non-

rhizosphere soil areas was shown.
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5.5 Drought

Alteration of root:shoot ratio is an important means of adjustment to

altered soil moisture levels, and is often achieved by alteration of fine root

biomass. The direction of change, i.e. increase or decrease, and the magnitude of

root biomass response to drought largely depend on tree species or variety. An

increase of root biomass in response to drought has mostly been found in conifer

species, and a decrease of root biomass in European deciduous tree species.

Conifer species are known to differ in their root growth strategies from deciduous

broadleaved trees. Change in root biomass is highly species-specific and connected

to altered root turnover rates. Although data on changes in root turnover rates

under soil drought are scarce, both unaltered and increased turnover rates have

been found in temperate forests. The fine root biomass in the organic layer of a

mature Quercus petraea stand was significantly reduced after three months of

experimentally induced summer drought. In contrast, more drought-sensitive

tree species like Fagus sylvatica and Quercus robur maintained root biomass in the

upper soil horizons even under severe drought, resulting in high rates of fine

root turnover.

A change in fine root morphology is a potential adaptation to altered soil

moisture. As discussed above, fine roots are the most important parts of the root

system for water acquisition. Thus, specific root area (area per unit root mass)

and length (length per unit root weight) would be expected to increase during

drought, indicating an increase in the number of fine roots available for

increased water uptake. However, in Betula pendula and Fagus sylvatica these

parameters decreased under reduced water availability indicating a reduction

in water-absorbing fine roots, which is counterintuitive to what would be

expected. However, different tree species also have different rate of water flow

across the root system per unit surface area. For example, Fagus sylvatica has been

found to possess higher root surface area-related sap-flow rates than Quercus

petraea. Even under well-watered conditions, Fagus sylvatica roots showed higher

root surface-specific flows on sites with lower water availability. This suggests an

interplay between changes in specific area and water flow across the root system.
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6

Forest carbon cycle

All life found in the biosphere is based on a common carrier of energy:

carbohydrate chains. With the exception of organic matter produced by thermo-

bacteria, the origin of all biomass found in the biosphere can be traced to

photosynthesis. This biochemical process where carbon dioxide, water and

energy from sunlight are combined into organic molecules places all biological

activity firmly at the centre of the global carbon cycle. The carbon in atmos-

pheric CO2 is ‘fixed’ into organic matter by photosynthesis in autotrophic organ-

isms (primary producers) and becomes both a building block and an energy

source for all life forms. To free the energy held in organic molecules, both

autotrophic and heterotrophic (consumer) organisms break down the carbohy-

drate chains, returning most of the assimilated carbon back into the atmosphere

as CO2. The route of each carbon atom through the biosphere can be very diverse

and can vary greatly in length. Some CO2 molecules are incorporated into simple

sugars and then broken down nearly immediately to power the metabolism of

the leaf that assimilated them, their passage from atmosphere, through bio-

sphere and back into the atmosphere lasting just a brief moment. Other CO2

molecules, on the other hand, are assimilated in the forest canopy and passed

down a long chain of organisms, eventually becoming part of soil humus, where

they may remain locked for millennia. It is this complexity of the biospheric

carbon cycle that makes it so important to study and understand, particularly

since it may play the key role in determining the outcome of the present climatic

change. Given the focus of this book, the following chapter will concentrate on

the carbon cycle in temperate and boreal forests: the carbon cycling through

forest soil, the pathways and the fate of organic compounds in the soil. This

chapter will explain how carbon assimilated by the trees travels through the

forest ecosystem and the role of each group of soil organisms in using and
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transforming these compounds. Litter decomposition and formation of different

types of humus will be discussed, as well as the carbon pools and fluxes in

different types of temperate and boreal forest.

6.1 The global carbon cycle

Two versions of the global C cycle are shown in Figure 6.1; the natural

C cycle and the C cycle affected by the activity of humans. On land, soil and

plants form the largest pools of stored C, with the amount stored in soils

approximately 3 times the amount of C stored in plants. The geological reser-

voirs of C as fossil organic C or carbonate rock are vastly in excess of the C stored

in biosphere and pedosphere. Organic C stored in soils is only c. 0.02% of the

inorganic C stored in carbonate rocks. The inorganic C stored in C rocks is in the
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Figure 6.1 The global carbon cycle for the 1990s. (a) The natural C cycle; (b) the

anthropogenically modified C cycle. Figure redrawn with permission from IPCC (2001).
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order of 6 500 000 Pg. The store of C in soils and plants is c. 3 times that of the

atmosphere, and there is an annual flux of c. 60 Pg in each direction between the

land and the atmosphere. Thus even small changes in the soil organic C pool can

have strong effects on the concentration of CO2 in the atmosphere. Human

activity through use of fuels releasing fossil organic C, and through land-use

change releasing soil organic C (Smith 2008), has increased the flux to the

atmosphere, increasing the concentrations of CO2. A part of the land use change

has been the conversion of forest to croplands. The increase in atmospheric CO2

is resulting in increased global climate change, but can also directly influence

the ecology of forests. The effects of elevated atmospheric CO2 on forests are

discussed in Chapter 7.

6.2 Formation of organic matter

A forest ecosystem is a community of life forms inhabiting a common

domain where they freely interact with each other and with their environment.

As mentioned earlier, all the energy used to power all this activity comes from

sunlight. Primary producers, generally all green plants, utilise energy absorbed

from photons to combine CO2 and H2O molecules to produce organic chemical

compounds during photosynthesis. This first step results in the formation of

relatively simple carbohydrates composed of C, H and O; these are later metabol-

ised and, by adding elements obtained from the soil, used to produce a great

variety of complex organic compounds. Plant biomass produced by the primary

producers is then consumed by a long chain of consumers. Each consumer

releases some of the energy stored in organic matter during respiration, while

retaining some to build and maintain its own biomass. The consumption chain

starts with the primary consumers (herbivores), which feed directly on plant

biomass, continuing with secondary consumers (carnivores) and finally the

decomposers (detrivores). This is, of course, only a very simplified picture of

the flow of organic matter; there are many overlaps between these groups (e.g.

omnivores), as well as many shortcuts and feedbacks.

Green leaves are analogous to the doorkeepers of the forest carbon: the point

at which carbon enters the organic domain. From a physiological point of view,

the role of the leaf is to intercept energy and to provide an interface for exchan-

ging CO2 and H2O between the atmosphere and the biosphere. In all but the most

sparse forests, successive layers of foliage intercept a great proportion of avail-

able light. The rate of interception reaches nearly 100% in the most densely

populated forests, leading to the development of very specific conditions on the

forest floor. However, only about 5% of absorbed light energy is utilised in

photosynthesis; the rest accumulates in leaves as heat. High leaf temperatures
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impair photosynthesis, and plants must find a balance between absorbing light

energy and excessive heating of the photosynthetic organs. Heat can be dissi-

pated from leaves and needles by transpiration, convection and radiation. If

water supply is sufficient, transpiration, and the subsequent evaporative cooling

as water turns from a liquid to a gaseous state, is the major cooling pathway.

Because of the sheer size of the forest foliage, the transpiration of forest can-

opies requires a plentiful supply of water. Because leaf water supply is limited

by water availability in the soil and the ability of root systems to extract it

(Chapter 5), periods of high transpirational demand can lead to water stress.

Plants minimise water loss by closing their stomata, but this hinders photosyn-

thesis by restricting the supply of CO2 and by increasing leaf temperature.

The rate of carbon fixation differs according to environmental conditions, as

the rate of photosynthesis is limited by factors such as light intensity (Figure 6.2),

CO2 (Chapter 7) and temperature. However, the quantity and the status of active

compounds that absorb light energy – chiefly that of chlorophyll, but also those

of supporting enzymatic machinery and cellular structures – are influenced by

the levels of mineral nutrition (Chapter 8). Maintaining and repairing the photo-

synthetic system carries a C cost from respiration. This respiration of organic

compounds leads to production of CO2, which then leaves through stomata.

In darkness, or when the light intensity is not sufficient, negative carbon

fixation is observed: there is a net loss of carbon from green tissues. Light

response curves, which plot photosynthetic activity as a function of light
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intensity, therefore show negative values at zero light. Similarly to leaves, all

living tissues found in a plant need to be maintained by processes that cost

energy and produce CO2.

The total sum of carbohydrates produced by all plants in an ecosystem is

termed its gross primary production (GPP) and is usually expressed as unit

energy or mass per unit area produced during a certain period (e.g. kJ m�2 y�1

or kg m�2 y�1). As explained earlier, some of this energy is used by the primary

producers for cellular respiration and maintenance of existing tissues. The

remaining fixed energy, which is used for building new tissues, is termed net

primary productivity (NPP). NPP is fairly straightforward to measure, as it

essentially equals the existing plant biomass. A correct value of GPP is more

difficult to estimate, because it involves an integration of several carbon fluxes

over time. Since carbon is the common currency involved in all these processes,

it is quite convenient to measure and express energy fluxes or biomass stocks as

mass of carbon per unit area per unit time (e.g. g C m�2 y�1).

The simplest subdivision of forest NPP is into its aboveground and below-

ground parts. This division is particularly relevant for the soil carbon cycle: all

belowground NPP enters the soil, but only a certain proportion of aboveground

NPP passes through the soil. Some of the aboveground NPP is consumed by

herbivores and then by carnivores, but the biggest part is converted to CO2

during litter decomposition. Although the consumers and decomposers do even-

tually contribute to soil carbon cycle via their excrement or dead bodies, the

majority of aboveground primary production is lost through their respiration.

How much aboveground NPP contributes to the litter layer depends on the

structure and complexity of the particular ecosystem. In general, temperate

and boreal forests do not suffer from high rates of herbivory, apart from the

occasional outbreak of defoliating insects or mammal herbivory in forests where

large predators have been removed by humans. Organic matter accumulated in

plants as a result of net primary production thus directly or indirectly feeds the

soil carbon cycle and fuels all biological processes within the soil.

6.3 Belowground carbon cycles

The deposition of plant litter, such as dead roots, branches, stems and

roots, on or in the soil supports a complex food web of organisms, including

bacteria, fungi, invertebrates and mammals. Each of these groups of organisms

has its function in the consumption and decomposition chains, starting from the

initial breakdown of intact plant tissues and their reduction in size, ending

with the last decomposition steps, which lead to humification of organic com-

pounds. The fate of C entering the soil C pool from photosynthesis is shown in
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Figure 6.3. Most soil organisms are rather specialised; each preferentially breaks

down only certain types of organic compound. Most of the energy released during

the breakdown of organic matter is utilised for heterotrophic respiration; CO2,

H2O and nutrients are released as byproducts of this process. Part of the organic

material, however, remains unutilised at each step, leaving a food source for the

next organism in the food chain. Eventually, the most recalcitrant organic com-

pounds, which have resisted digestion by all organisms, enter the stable carbon

pool and become soil humus. In addition to the C flux from plant biomass, there is

a direct transfer of C belowground to the fungal part of mycorrhizal roots and the

attached extramatrical or extraradical hyphal biomass. Both roots and themycor-

rhizas also release low-molecular-mass organic compounds, mostly organic acids,

into the soil (Van Hees et al. 2005), which contribute to soil heterotrophic respir-

ation. These organic acids are also important in weathering of soil minerals and

nutrient cycling (Chapter 8). The turnover of themycorrhizal hyphal biomass also

makes a large contribution to the formation of new soil organic matter.

The hyphal biomass is also grazed by soil fauna.

6.3.1 Belowground biomass pool and fluxes

After photosynthesis, carbon transferred to belowground tissues in order

to sustain water and nutrient acquisition is the largest carbon flux in forest

ecosystems. The C transferred belowground is used to build the biomass pools of
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structural coarse roots, mycorrhizal fine roots and themycorrhizal hyphalmyce-

lium. In addition, this C drives root andmycorrhizal autotrophic respiration, and

root and hyphal exudation regulates rhizosphere and hyphosphere respiration.

Both the fine roots and the mycorrhizal hyphal mycelium are constantly dying

and being renewed in root and hyphal turnover. Estimations from temperate

forests of Central Europe reveal that C storage in trees accounts for about

110 t C ha�1, of which 26 t C ha�1 is in coarse roots and 1.2 t C ha�1 is in fine roots.

Compared with soil C, which is about 65 t C ha�1 (without roots), the contribution

of the rootC to the total belowgroundCpool is about 42%.However, suchvalues are

only indicative and can vary greatly between species and ecosystems.

The pools and processes driven by the aboveground C supply are many and

highly variable; unsurprisingly, there is a great variation in available estimates

of the proportion of assimilated carbon that is diverted belowground by primary

producers, from 7% to 76% according to Vogt (1991). Included in this total are:

belowground primary production, root respiration, carbon transfer to mycorrhi-

zas, and root exudates. Carbon is transported belowground in the phloem, and

there are no direct methods to quantify this C flow. Indirect methods such as tree

girdling have been used to estimate the C flow driving autotrophic respiration;

however, these methods have a number of caveats, including the long time

required to deplete C stored in coarse roots, and the fact that root death after

girdling can stimulate heterotrophic respiration. A budget technique, based on

the assumption that in mature forests the amount of carbon leaving the soil as

CO2 roughly equals the amount of carbon coming in, was proposed by Raich and

Nadelhoffer (1989). The technique, of course, is not perfect (integrating annual

CO2 flux from short-term measurements is not error-free), but the latest

advances in automatic measurement chambers yield reasonable estimates. Glob-

ally, the total belowground carbon allocation is usually around twice the above-

ground litterfall in mature forests (Figure 6.4), or even higher in forests where

annual litter production is relatively low (Davidson et al. 2002).

Coarse roots have the primary functions of anchoring the tree in the soil and

transporting water and nutrients to the foliage and photosynthate to fine roots,

and have vastly longer life spans than fine roots. The structural coarse root

systems of trees are on average 20%–30% of the total biomass of a tree. Some of

the largest tree roots originating from the stump live for as long as the tree itself,

which means that the carbon they contain remains in the soil for several

decades, if not centuries. Coarse root biomass usually starts to decompose only

after the tree has died and the supply of fresh photosynthates used for their

maintenance and defence against pathogens has ceased altogether.

By far the most dynamic part of the root system is the fine root fraction. No

standard definition of fine roots exists at present. This is due to the fact that
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defining them on a functional basis, which is the only correct approach, makes it

impossible to correctly estimate fine root biomass. Primarily defined as roots

that carry out water and nutrient uptake, these roots are usually short-lived but

constantly replaced by an ongoing process of fine root ‘turnover’ (Majdi et al.

2005). This definition, however, can include roots with widely different morpho-

logical characteristics such as diameter, colour and surface roughness. Unless

the function of every root in the root system is known correctly, it is not possible

to estimate the true proportion of fine roots (Pregitzer et al. 2002). For simplicity,

and to promote sanity and comparability of studies, fine roots are commonly

defined by an arbitrarily chosen diameter, usually 0–1 or 0–2mm. Although

imperfect, this division is thought to reasonably well represent the functional

division between fine and coarse roots. The amount of C transferred to fine roots,

and subsequently to soils, is a function of the fine root biomass and its rate of

turnover. The size of the fine root biomass pool is dependent on a number of

environmental conditions, including water (Chapter 5) and nutrient availability

(Figure 6.5). In general, if water or nutrients are in short supply, photosynthesis-

ing plants divert a greater proportion of carbon to fine roots and mycorrhizas to

maintain sufficient water and nutrient uptake; there are, however, major

species-specific differences. In an analysis of fine root biomass in boreal and

temperate northern forest, Finer et al. (2007) found that the mean living beech

(Fagus sylvatica) fine root biomass was 389 g m�2 (3.9 t ha�1), that of spruce (Picea

abies) 297 g m�2, and that of pine (Pinus sylvestris) 277 g m�2. The necromasses

(dead fine roots) were 920 g m�2, 190 g m�2, and 133 gm�2, respectively. In the

temperate zone, the fine root biomass of beech was significantly higher than

that of spruce. The fine root biomasses of spruce and pine did not differ from

each other in either the temperate zone or the boreal zone. In spruce, the fine

root biomass did not differ between the temperate and boreal zones, but in pine

it was significantly higher in the temperate zone than in the boreal zone. In the

boreal zone there is a positive correlation between the mean annual precipita-

tion and the fine root biomass of spruce. In boreal and temperate forests, in

beech and spruce stands there was a significant difference in the fine root

biomasses between different fertility classes, but no such differences existed in

pine stands (Figure 6.5). The fine root biomass of spruce stands was lowest in the

poorest sites, whereas in beech stands it was the highest in the poorest sites.

Fine root biomass in most species and forest systems tends to decrease expo-

nentially with soil depth (Figure 6.6, but also see Figure 5.3). The importance of

the fine roots for development of soil C can be seen in the fact that the depth

profile of soil C concentration closely follows that of the fine roots.

There is considerable difficulty in establishing the size of the C flux from fine

roots in forests, for several reasons, mostly related to the inaccessibility of roots.
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Figure 6.4 The relation between belowground C allocation and aboveground litterfall,

as derived from litter decomposition. Belowground allocation is calculated as the

difference between total soil respiration and litterfall. Reproduced with permission

from Raich and Nadelhoffer (1989).
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Figure 6.5 Mean fine root biomass in different site fertility classes for beech (Fagus

sylvatica), spruce (Picea abies) and pine (Pinus sylvestris) stands. Error bars indicate

standard deviations, and in each species group letters show the fertility classes that

differ significantly from each other according to Tukey’s test (p< 0.05). Reproduced

with permission from Finer et al. (2007).
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It is difficult to measure this carbon flux directly. Fine roots grow and die

continuously throughout the year, with seasonal peaks depending on ecosystem

type. The turnover of fine roots is notoriously difficult to measure (Majdi et al.

2005). Fine roots tend to have relatively short life spans and thus fairly rapidly

contribute their entire biomass to the soil litter pool. One of the reasons why fine

roots are ‘disposable’ is their direct involvement in nutrient acquisition. Once

the local supply of nutrients in the vicinity of a fine root has been exhausted, its

continuous maintenance is not cost-effective for the tree. The root is abscised

and quickly dies, while the carbohydrate resources are invested in growing a new

fine root in a location where soil nutrient status is more favourable. Fine root life

span is greatly dependent on tree species, but also on the prevailing climatic

conditions. Generally, fine roots of fast-growing species tend to have faster

turnover than those of slow-growing species. With measured life spans as short

as 30 days, the entire fine root biomass of some poplar (Populus) species can be

replaced several times every year. At the other side of the scale, Norway spruce

(Picea abies) trees in boreal forests have been shown to persist for several years,

leading to very low fine root turnover rates. This is illustrated in Table 6.1, which

shows the fine root biomass and turnover rate of fine roots of Norway spruce

growing in three sites in the southern taiga in Russia. Norway spruce fine root

biomass measured in southern taiga is similar to that reported for this species in

many boreal forest sites in Finland (225–440 g m�2) or Norway (49–398 g m�2).

The root turnover rates are between 0.16 and 0.23, i.e. the roots live for between 4

and 9 years. This is a low value of turnover in comparison with values from

similar spruce-dominated ecosystems in temperate regions, where values of

between 0.28 y�1 and 1.0 y�1 have been reported.

Figure 6.6 Global average of the depth distribution of root biomass (squares) and

soil C (triangles). Y error bars indicate depth sampling interval; X error bars indicate

standard deviation between 2721 samples representing 11 biomes. Reproduced with

permission from Jobbagy and Jackson (2000).
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Carbon transferred belowground can be used for immediate consumption by

autotrophic respiration and exits the soil as part of the total soil respiration. Soil

respiration can be functionally divided into autotrophic (plant) and heterotrophic

(microbial) respiration (Figure 6.3). Autotrophic respiration is defined as C assimi-

lated through photosynthesis by trees and ground vegetation and released by

respiration of aboveground biomass, roots and associated mycorrhiza. Hetero-

trophic respiration is CO2 released from microbial biomass and animals during

decomposition of carbon substrates. In addition, the term rhizosphere respiration

includes underground autotrophic respiration and heterotrophic respiration of

carbon substrates originating from newly assimilated C, e.g. root exudates and

recent dead root biomass (so called rhizodeposition). However, partitioning of

autotrophic andheterotrophic soil respiration is experimentally difficult to achieve

and the term rhizosphere respiration is also frequently used. Total soil respiration

(autotrophic and heterotrophic) is typically in the range of about 70% of the total

ecosystemrespirationand is equivalent to 0.5%–1%of theC stored in the soil profile.

One of the main problems with predicting soil respiration is that it is influ-

enced by a multitude of interacting factors including soil temperature, mois-

ture, soil carbon (or litter) quality, root density, microbial community structure

and size, physical and chemical soil properties and vegetation type, nutrient

status and growth rate. Consequently, in most ecosystems the rate of soil respir-

ation is highly temporally and spatially variable. Live root systems of all plants

must be supplied with fresh carbohydrates to guarantee their functioning and

maintenance. Once transferred belowground, the energy assimilated by photo-

synthesis is harnessed to continuously expand the root system, to maintain it

and to acquire water and nutrients. All carbohydrates respired within the root

dissipate through its surface as CO2 in a process known as root respiration and

eventually find their way out of the soil as soil CO2 efflux. This is the carbon pool

with the shortest residence in the soil, carbon atoms can be returned to the

Table 6.1 Standing fine root biomass (g m�2) and fine root turnover (y�1) of

Norway spruce (Picea abies) at three sites a southern taiga forest in the Central

Forest State Biosphere Reserve, Russia

Values are means � standard deviations.

Site

Sphagnum Spruce forest Mixed forest

Fine root biomass 267.1�53.29 347.5�54.85 447.6�64.99

Fine root turnover 0.236�0.122 0.164�0.025 0.192�0.081
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atmosphere as CO2 several hours after their assimilation by photosynthesis at the

top of the canopy. Root respiration accounts for 10%–50% of carbon assimilated

each day and consequently is amajor proportion of soil C budget. Generally, slow-

growing species use more of available carbon on respiration than on root growth

than fast-growing species. The amount of carbon spent on root respiration is also

influenced by factors such as temperature and nutrient supply. The percentage of

assimilates used in root respiration decreases with age: as trees become older they

decrease their overall rate of growth, thus decreasing their need for root system

expansion and resource acquisition activity.

A significant proportion of belowground C flux is transferred from tree roots

to mycorrhizal networks. Mycorrhizal fungi are obligate symbionts, which col-

onise fine roots of most forest trees and augment tree nutrient and water supply

in exchange for carbohydrates (Chapter 4). Mycorrhizas form a very active exten-

sion of the root system, their finest hyphae penetrating the smallest crevices in

the soil, which would be out of reach for fine roots. One of the effects of

mycorrhizal colonisation in northern forests is prolonging the life span of fine

roots, thus delaying their death and decomposition. One fungal organism can

colonise root systems of several trees, creating a seamless connection over which

chemical compounds can be exchanged. It is known that large canopy trees can

transfer carbohydrates directly to shaded seedlings of the same tree species over

such networks; the precise control mechanisms of this C transfer are, however,

unknown. Out of the two main types of mycorrhiza, ectomycorrhizas, which

form external sheaths around fine roots, are the dominant type colonising fine

roots of trees in temperate and boreal forests.

Owing to their fast growth and large biomass, these fungal symbionts form a

very important part of the soil C cycle. Carbon allocation to mycorrhizas appears

to be controlled by the tree to some extent; trees do seem to have the ability to

shut off carbon supply to their fungal symbionts if carbohydrate supply from the

leaves is limited. Probably for this reason, C allocation from trees to mycorrhizas

is sensitive to changing environmental conditions, such as elevated CO2, atmos-

pheric ozone or pollution (Rillig and Steinberg 2002). Estimates of C allocation to

mycorrhizal fungi are few and far between; it is not known how much C passes

through these organisms before it reaches the soil. There are indications that

their overall contribution to the soil C cycle could be greater than that of the

roots themselves. This gap in knowledge significantly hinders the effort to model

the soil C cycle. At present mycorrhizas are largely omitted from such models,

greatly limiting their usefulness. Mycorrhizas contribute to the soil C dynamics

through their growth, resource acquisition activity and through the turnover of

extraradical hyphae (i.e. fungal hyphae not in direct contact with the root).

Recent studies using 14C labelling indicated that organic compounds are
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transferred from host plants to mycorrhizal hyphae within hours after assimila-

tion (Johnson et al. 2002). There are indications that the life span of mycorrhizal

hyphae attached to plant roots and therefore supplied with fresh carbohydrates

can be as short as 5–6 days. This means that a large proportion of C transferred to

mycorrhizas might quickly be respired back to the atmosphere, but more import-

antly, these fungal symbionts might constitute a rapid pathway for atmospheric

carbon to enter the soil carbon cycle (see also Table 8.2).

Some recent studies to date indicate that extraradical hyphae are relatively

persistent in soil; however, the role mycorrhizal hyphae play in soil aggregation

might be even more important to the soil carbon cycle. Through their ‘sticki-

ness’, these hyphae greatly promote soil macroaggregate stabilisation. In doing

so, they help to create a mechanism for increasing the residence time of organic

matter within soil macroaggregates. Organic compounds within such aggregates

are often protected from decomposition by soil microorganisms. If transfer of

C to mycorrhizas favours creation of stable C pools within the soil, then a

significant part of the existing C sink in northern forests may be a result of

mycorrhizal activity, particularly in coniferous forests.

To fulfil their function in nutrient capture, plant roots constantly expel

organic chemicals into the soil, a process broadly referred to as root

exudation. These secretions serve as chemical attractants and repellants in the

rhizosphere, the narrow zone of soil immediately surrounding the roots. By

secreting a wide variety of compounds (Table 6.2), roots augument their main

functions by regulating the soil microbial community in their immediate
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Figure 6.7 Net primary production allocated to ectomycorrhizal fungi in evergreen

and deciduous forests. Reproduced with permission from Hobbie (2006).
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vicinity, minimising herbivore activity, encouraging symbioses and inhibiting

the growth of competing plant species. This flux of a vast array of compounds

into the rhizosphere is rather costly in terms of carbon. Estimates are hard to

come by, but root exudation can account for 5%–21% of all photosynthetically

fixed carbon (Marschner 1995).

The intensity and the chemical composition of exudation appears to be

species-specific; however, no clear pattern has been identified so far. For

example, individual pine species within the Pinus genus appear to exude organic

compounds of different chemical composition. The main zones of root exudation

are near root tips, the most active parts of the root system involved in resource

acquisition. The location of root exudation is important, since it directly influ-

ences spatial distribution of organic compounds in the soil. Root exudates are a

major carbon source for soil microorganisms; most of the carbon contained in

these organic compounds is quickly respired by microbial communities (Van

Hees et al. 2005). Root exudation therefore does not significantly contribute to

soil carbon storage. A close link can be observed between the tree and the

microbial species compositions. Changing the tree species alters the type and

the amount of root exudates, which leads to a rapid change in microbial popula-

tions (Baudoin et al. 2003). Although root exudation clearly represents a signifi-

cant carbon cost to the plant, the mechanisms and regulatory processes

controlling root exudation are still not clearly understood.

Table 6.2 Organic compounds identified as plant root exudates

Class of compounds Components

Carbohydrates Arabinose, fructose, galactose, glucose, maltose, raffinose,

rhamnose, ribose, sucrose, xylose

Amino acids and amides All 20 protein amino acids, aminobutyric acid, homoserine,

cystathionine

Aliphatic acids Acetic, butyric, citric, fumaric, glycolic, malic, malonic, oxalic,

propionic, succinic, tartaric, valeric

Aromatic acids p-Hydroxybenzoic, caffeic, p-coumaric, ferulic, gallic, gentistic,

protocatechuic, salicylic, sinapic, syringic, illic

Fatty acids Linoleic, linolenic, oleic, palmitic, stearic

Sterols Campesterol, cholesterol, sitosterol, stigmasterol

Enzymes Amylase, deoxyribonuclease, invertase, peroxidase, phosphatase,

ribonuclease

Miscellaneous Vitamins, plant growth regulators, auxins, cytokinins, gibberellins,

unidentified microbial growth stimulators and inhibitors

Source: Modified from Bolton et al. (1992).
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6.3.2 Consumption: soil fauna

A useful approach for assessing the impact each organism has on the soil

carbon cycle is by considering its size. The body size has a direct influence on

several ecological characteristics such as the choice of food, life mode or the

mode of locomotion. Since soil structure dictates the amount and the arrange-

ment of space available for colonisation by soil organisms, the body size will

directly influence the abundance and the distribution of each organism. Gener-

ally speaking, the size of organisms diminishes with increasing soil depth, the

largest ones finding it easier to burrow close to the surface where the weight of

the soil does not exert great pressure. There are exceptions, such as some large

earthworms, which are able to penetrate several metres down the soil profile in

search of food. The soil fauna, which is exclusively composed of consumers, is

usually divided into microfauna, mesofauna and macrofauna, with megafauna

added to describe the largest organisms since they have an impact on the soil

slightly different from that of macrofauna. As with any classification of natural

phenomena, the divisions are arbitrary and there are many cases when they

result in somewhat counterintuitive classification. A small shrew would be

classified as megafauna based on its behaviour and impact on the soil. However,

it is actually smaller than a large specimen of Lumbricus terrestris, which belongs

to macrofauna (Gobat et al. 2004).

Soil fauna do not exclusively feed on the plant material (herbivory, sapro-

phagy): predatory species consume other fauna (zoophagy) and in particular, the

smallest organisms feed on microbial life (microphagy). Starting from the larg-

est, mega- and macrofauna are the first-order consumers of accumulated organic

matter. Larger than about 4 mm in length and 2 mm in diameter and numbering

hundreds to thousands of individuals per square metre, they are primarily

involved in shredding of litter, turning it from intact and identifiable pieces of

plant organs to a mixture of smaller particles. By reducing the size of organic

matter particles they greatly increase their surface area, thus increasing their

accessibility to the subsequent levels of consumers. Owing to their large body

size, they mix soil and organic matter particles during their activity, affecting

the distribution of organic matter in the soil. Mesofauna, the second-order

consumers in the decomposition chain, are 0.2–4mm in length and 0.1–2mm

in diameter and number tens to hundreds of thousands of individuals per square

metre of soil. Other animal species and dead plant material are the typical

food sources of this group of organisms. Lastly, microfauna represent species

very small in size (4–200mm in length, less than 100 mm in diameter), which

are usually quite abundant (millions of individuals per square metre). Because

of their small body size, these members of the animal kingdom feed on

microbes.
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Although soil fauna are all consumers, and thus have no influence on the

amount of carbon that comes into the soil, their impact on the stocks and fluxes

of carbon in the soil is significant. Their feeding on microbes, fungal tissues or

directly on plant litter controls the rate of organic matter decomposition and

affects the ultimate fate of material accumulated by primary production. Their

activity, or lack thereof, can greatly influence the shape, composition and func-

tioning of a forest ecosystem. To mention just one example, earthworms play a

crucial role in the initial breakdown of plant litter. It is not uncommon for

a population of several million earthworms per hectare to occupy the soil if the

supply of moisture and fresh organic matter is adequate. They consume consider-

able amounts of litter; by reducing the thickness of the litter layer, they directly

affect soil conditions and the amount of carbon held in this layer. Several

glaciated forests in North America that have evolved without native earthworms

now face an invasion of European earthworms introduced by agriculture and as

fishing bait. Once established, they rapidly consume the organic O horizon.

Within 3–5 years after arrival, they can consume the entire litter layer and all

the microscopic organisms that live in it. Each autumn the deciduous trees

deposit a new supply of leaves, some of which are consumed immediately before

the arrival of winter. During the following spring and early summer, the earth-

worms usually eat the rest of the litter, mixing the litter layer into the mineral

soil in the process. By late summer, bare soil is visible in forests that had adapted

their regeneration and soil functioning to the presence of an unbroken litter

layer. Recent studies have shown that forest composition, after such an earth-

worm invasion, can change in as little as 30–40 years (Hale et al. 2006). Soil fauna

thus impacts not only the chemistry and physics of soil organic matter decom-

position, but also the carbon budget, vegetation dynamics and the evolution of

the entire forest ecosystem.

6.3.3 Final stages of organic matter breakdown

Once dead plant tissues, including both surface and belowground litter,

have been sufficiently reduced in size and form a relatively dense mass, the last

stage of organic matter decomposition starts in earnest. There are several groups

of microorganisms that take part in this process, the most prominent of which

are bacteria, actinomycetes and saprophytic fungi.

Bacteria, unicellular organisms with prokaryotic structure and therefore

very small size, do have enormous surface area and metabolic potential. Escher-

ichia coli, a common soil bacterium, can double its biomass every 20 minutes if

not constrained by the soil environment, consuming vast amounts of resources

in the process. If an abundant source of carbon is available, bacterial growth can

lead to exhaustion of other resources such as nitrogen or oxygen. Owing to their
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abundance and diversity, bacteria play an important role in the soil C cycle,

directly by contributing to the mineralisation of organic matter and the trans-

formation of organic compounds to humus, and indirectly by controlling growth

of other organisms by secreting both vitamins and antibiotics.

Actinomycetes are a broad group of bacteria which form thread-like filaments

in the soil, similar to fungal mycelia. Similarly to bacteria, they are characterised

by very high potential metabolic rate and have a proven ability to impede fungal

growth by secreting inhibitory metabolites. Their activity and metabolism is

thought to give the soil its ‘earthy’ odour.

Finally, saprophytic fungi are exclusively aerobic eukaryotic organisms with

extracellular digestion. All their energy and nutrients are derived from decom-

position of dead tissues. They include both microscopic and macroscopic yeasts,

moulds and mushrooms. The most commonly observed are members of the

macromycetes and ascomycetes, which form large fruiting bodies on the soil

surface. However, cultivating a soil sample on carbon-rich medium reveals that

the most abundant are in fact moulds and various microscopic fungi (e.g.

zygomycetes, oomycetes). Fungal mycelia, made up of branched filaments

(hyphae), extend through the soil; although they are not as fast-growing as the

colonies of bacteria or actinomycetes, their networked character gives the fungi

an important advantage: the ability to transport and translocate large quantities

of water and organic compounds. Fungi can therefore rapidly expand in a

location where carbon is abundant, but where the absence of other essential

resources would limit its exploitation. Translocation also explains the often

sudden appearance of fruiting bodies: organic substances stored in the myce-

lium can be quickly moved to support fast aboveground growth. Some fungal

species specialise in breaking down lignin and other plant polysaccharides,

which are resistant to decomposition, thus contributing to the formation of

humus and some of its precursors. Aside from the direct contribution of fungi

to the soil C cycle via organic matter decomposition, fungal biomass plays an

important role in soil aggregation, thus affecting the longevity of recalcitrant

soil C pools.

The common feature of all these organisms is their ability to extract the

energy contained in carbohydrates and to reduce organic matter to its most

recalcitrant compounds. The process starts with the breakdown of compounds

that are the easiest to decompose, mainly sugars, starches and proteins. Nearly

all of the microbial life in the soil has the enzymes necessary to decompose

these compounds. Most of these compounds are decomposed fairly rapidly:

simple sugars can be respired nearly immediately, and more complicated

starches and proteins disappear within days. The speed of this process is further

enhanced if soil fauna is sufficiently active and exposes more of the material to
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colonisation by microorganisms by breaking up the organic matter into smaller

pieces. Once the supply of the easily degradable compounds has been

exhausted, the breakdown continues with more resistant compounds such as

cellulose, hemicelluloses and some resins. These are composed of more compli-

cated macromolecules, sometimes with rather resistant chemical structure.

Cellulose is probably the most important compound; its content in fresh plant

detritus can reach 30%–40%. Owing to its abundance, several microbial species

have evolved the ability to feed exclusively on cellulose. However, many non-

specialised species of fungi and bacteria decompose the compounds in this

group, taking months to several years. Specific enzymes, not commonly pro-

duced by microorganisms, are required in this step, leading to specialisation

among the decomposers. Only fairly recalcitrant compounds are left after this

stage and take years to decades to decompose, as their breakdown requires

fairly specific enzymes, which are rather costly to produce. Specialised bacteria

and fungi take part in this stage of decomposition. Compounds such as lignin,

waxes and phenols might have formed stable combinations or are located deep

inside soil aggregates and therefore are not immediately accessible to soil

organisms. Lignin can constitute up to 30% of woody biomass and is therefore

an important source of C. Certain aerobic bacteria, actinomycetes and (mainly)

fungi possess the necessary enzymes to breakdown lignin molecules. At the end

of the decomposition process, when all accessible energy has been released

from carbohydrate chains, humus-like substances are all that is left from

primary production. These extremely stable compounds that take tens, hun-

dreds or thousands of years to decompose are a direct result of microbial

activity, but also of chemical and physical transformations of organic matter

which take place in the soil.

It is important to note that decomposition of organic matter only takes place

in suitable soil conditions. For example, the rate of breakdown is greatly affected

by temperature, moisture or soil pH. Apart from stopping decomposition

altogether when not present, soil water content regulates the rate of decom-

position by limiting oxygenation of the soil profile. As the amount of water

increases, soil air movement is restricted and all aerobic processes will slow

down. If the oxygen supply is not completely cut off, the normal decomposition

will eventually take place, albeit at a slower pace than at full aeration. However,

if the soil is waterlogged (Chapter 5), anaerobic bacteria will break down only the

easily decomposable organic compounds, leaving most of the plant material to

accumulate with its carbon content largely intact. Temperature is another major

driver of decomposition, but affects different types or species of organisms in

different ways. Each type of organism has a different optimum temperature for

its growth, but generally decomposition stops when soil temperature drops
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down to 0 �C or nears 40–45 �C. Between the minimum and the optimum of the

metabolic range, the rate of decomposition increases 2- to 3-fold for each 10 �C rise

in soil temperature. There are some indications that the temperature at which

decomposition takes place affects the final quantity of humus, but unless there is

a marked departure from the established environmental conditions there is little

evidence that the end product is appreciably changed (Allison 1973). Soil reaction

(its pH ) influences the soil C cycle by determining the type of plants that grow in

the particular soil and therefore the character of plant litter deposited onto it.

Further, high pH values favour the growth of bacteria and actinomycetes, whereas

low soil pH benefits fungi. Decomposition by bacteria is usually faster and more

complete, whereas fungus-driven decomposition takes longer and tends to result

in more residual compounds. As a result, acidic podzol soils commonly found in

boreal coniferous forests frequently have a thick organic horizon of undecom-

posed plant material. On the other hand, the organic layer in temperate broad-

leaved forests on calcareous soils is often very thin, largely as a result of rapid

decomposition.

Once organic matter has passed through all stages of decomposition, nearly

all of the C originally fixed by photosynthesis has been respired and returned

back to the atmosphere as CO2. A small proportion, however, is retained in the

soil in compounds either resistant to attacks by decomposers or protected from

them inside soil aggregates or by adsorption onto the surfaces of soil particles.

These resistant compounds form the most recalcitrant and long-lasting soil

C pool: humus.

6.4 Soil humus

The term humus first appeared in soil science around the end of the

eighteenth century (Waksman 1936) and refers to any degraded organic material

that has reached the point of stability. It does not undergo any further break-

down and will, provided the environmental conditions do not change, remain in

the soil for centuries or even millennia. Some authors describe ‘young humus’,

which includes the transitory organic compounds formed in the first stages of

humification, whereas others still consider all organic matter present in the soil

as humus. The most common definition, however, encompasses only the stable

compounds, which have gone through the full process of humification and give

the soil its brown or black colour.

Various agents contribute to the chemical transformation of organic com-

pounds, both biotic and abiotic in their nature. To start with the latter, water

and oxygen significantly contribute to the breakdown and transformation of

simple and accessible organic molecules. Their influence is enhanced by the

112 Forest carbon cycle



activity of soil fauna, which breaks organic matter into smaller pieces and mixes

it with mineral soil, exposing more surfaces to dissolution and oxygenation. The

most significant role in humification is played by soil microorganisms; their

reliance on extracellular digestion and secretion of numerous enzymes results in

complex transformations of organic compounds in the soil. The only way for the

microorganisms to acquire resources is by osmosis of water-soluble compounds

through their cell walls. Since most of the chemicals in fresh organic matter do

not readily dissolve in water, the role of the enzymes released into the soil

solution is to break these down to simpler, water-soluble compounds. For

example, cellulose does not dissolve in water, but can be broken down to

glucose, which does. An approximate order according to ease, and speed, of

decomposition would start with sugars and proteins, followed by polysacchar-

ides, hemicellulose, cellulose, lignin, and finishing with the most resistant

compounds such as waxes and resins. The initial composition of organic matter

is therefore an important determinant of the final quantity, but also of the

quality, of humus (Table 6.3). The pace and the thoroughness of humification

of organic matter is dependent on its relative content of easily decomposable

compounds, on its ash content of biologically important elements and on the

presence of compounds slowing down biological processes.

6.4.1 Mor and mull humus

The plant composition, together with site conditions, dictates the humus

form that will develop in the soil. The term ‘form’ does not relate to the chemical

composition of humus only; it encompasses the stratification of humus

Table 6.3 Approximate chemical composition of organic matter (percentage

of dry mass)

Saccha-

rides Proteins

Hemi-

cellulose Cellulose Lignin

Waxes, lipids

and resins Ash

Needles 16 4 9 44 18 6 4

Leaves 23 6 14 37 12 3 5

Conifer

wood

1 1 15 44 30 8 0.3

Broadleaved

wood

1 2 24 47 20 2 0.3

Insects 16 50 6 10 15

Worms 58 17 6 19

Source: Reproduced with permission from Šály (1991).
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distribution in the soil and some of the chemical and physical properties that

certain humus forms confer on the soil. The typology of humus forms originates

from Müller (1879) and recognises two basic types of terrestrial humus:mull and

mor (Table 6.7). Typically found under deciduous forests, mull humus is accom-

panied by a thin (0–5 cm) litter layer of undecomposed organic matter on the soil

surface. The underlyingmineral soil (A horizon) is dark in colour, well aggregated,

usually porous, and showing signs of intensive activity of soil organisms, espe-

cially earthworms. The mineral A horizon is deep (20–50 cm) and only gradually

changes its colour to that of the mineral matrix. Humus contained within this

profile is also nitrogen-rich (C/N 10–15) and is associated with higher pH soils.

Mor humus, on the other hand, tends to be more acidic in its nature and one

of its main distinguishing factors is slower decomposition. As a result, the

undecomposed litter layer tends to be thick (10–20 cm). Mor humus usually

forms under coniferous trees and the organic horizon is well colonised by plant

roots and fungal hyphae. There is a sharp division between the organic and

mineral horizons, easily distinguishable by the marked colour difference

between the two. A thin layer of black humus is found on top of a very pale

or white mineral horizon, which is compacted, poorly drained and devoid of

earthworms. Most, if not all, biological activity is concentrated to the organic

horizon, with very few roots penetrating the mineral horizon, usually in search

of support rather than resource acquisition. The nutrient cycle in the organic

horizon is very tight (C/N > 30). This horizon is commonly divided into three

layers, as follows

L layer: undecomposed litter, unaltered plant or animal litter whose

origin can be readily identified, usually recently deposited but can be

several years old.

F layer: the fermentation or fragmentation layer of partly decomposed

litter immediately below the L layer. Consisting of fragmented and

partly decomposed organic material, its origin can still be determined.

The layer is heavily colonised by fungi and supports much activity of

mites and springtails.

H layer: the humus layer, consisting of well-decomposed, amorphous

material, the majority of which has been altered by soil fauna. The

origin of the material is no longer detectable. The H layer can sometimes

be very thin and contain considerable mineral materials.

As mentioned earlier, soils with mull humus usually develop under broadleaved

forests and on base-rich parent materials. Mor humus, in contrast, tends to

develop in acidic conditions where the forests are predominantly coniferous

and the mineral parent material is base-poor. This distinction is, however, not
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clear-cut and these humus forms are not exclusively tied to these conditions.

Moreover, there is a variety of intermediate forms (Table 6.4), the characterisa-

tion and the nomenclature of which is not entirely settled. Terms such as mor

moder, moder and mull moder are the most commonly used to describe such

forms, alongside terminology such as raw humus, acid humus, mild humus, leaf

mould, etc. One important point that needs to be mentioned is that once a

particular humus form is established in the soil, it tends to be rather stable.

Most agricultural soils in temperate and boreal regions have developed under a

forest and as such carry an imprint of the forest composition that existed when

the soil and its humus content were developing. Once deforested, the soil

stratification is disturbed and the total C content of the soil decreases, but the

humus keeps its characteristics, especially at depth.

6.4.2 Chemical composition of humus

Although the majority of stable humus compounds are formed in the

soil, some originate directly from plant or animal litter and are not transformed.

Compounds such as lignin or some lipids are not broken down or transformed

and directly become part of the inherited fraction of soil humus. Most of the

humus, though, consists of complex aromatic compounds with varying degrees

of polycondensation. These constitute the humified fraction, composed of het-

erogeneous mixtures of small molecules, which mutually associate in a supra-

molecular structure. Humic macromolecules are held together by weak

hydrophobic bonds at neutral and alkaline pH and also by hydrogen bonds at

Table 6.4 Intensity of biological interactions of the three main humus forms in

forest soils and relationship with soil nutrient status

Biological feature Mor Moder Mull

Phenolic concentration moderate to high moderate low

Humification very slow slow rapid

Nutrient availability to

plants

poor indirect by

mycorrhiza

direct by root

hairs

Nutrient soil class high medium low

Dominant mycorrhiza arbutoid arbuscular

ericoid ecto

arbuscular ecto arbuscular ecto

Dominant faunal group none enchytracids lumbricids

Dominant microbial

group

none fungi bacteria

Soil nutrient class very poor/poor poor/medium medium/rich

Source: Reproduced with permission from Ernst (2004.)
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low pH. The humic substances (Figure 6.8) tend to be acidic in their nature,

owing to the presence of phenolic and carboxyl groups in these compounds.

A great variety of humic substances has been isolated and identified; their

exact origin of function is largely unknown. Since the first description of humus

at the end of the eighteenth century, humic substances have been classified as

humic acid, fulvic acid and humin. This division is based purely on their

solubility in either acid or alkali and the colour of the resulting extract; it does

not convey any information about their exact chemical composition. First, a soil

sample is dissolved in a weak alkaline solution, which extracts humic and fulvic

acids, resulting in a dark brown solution. Humin is not soluble in alkaline

conditions and remains attached to clay particles; it is therefore defined as

organic content of the soil not solubilised by repeated alkaline extraction. Humic

acids can be then precipitated out of the solution by adding mineral acids; this

leaves a yellow to orange solution, which contains only fulvic acids. The dividing

line between the three groups is very blurred; only now are functional and

chemical descriptions of these compounds being developed. Overall, humic

compounds form the stable end-point of the soil C cycle. Their stability and

chemical structure makes these compounds very important players determin-

ing, among other things, such important soil characteristics as cation exchange

capacity (Section 2.2) or water-holding capacity.

6.4.3 Peat formation

Discussing stable carbon pools in forest soils, we have to mention peat,

which, unless environmental conditions change, remains stable for millennia. If

soil aeration is favourable, most of the C in soil organic matter is respired by soil

organisms and escapes the soil as CO2. A very small proportion of the total

eventually finds its way to soil humus, where it can reside for a considerable
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Figure 6.8 An indication of the chemical structure of humic acid. Reproduced

with permission from http://upload.wikimedia.org/wikipedia/commons/a/aa/

Humic_acid.gif
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length of time. If, however, access to oxygen in the soil is restricted, the pace of

organic matter decomposition is severely reduced and accumulation occurs. The

conditions where annual organic matter production is higher than decompos-

ition usually stem from continuous flooding of the soil profile, but can also

occur in very low-pH soils and under severe nutrient limitation. Normal decom-

position processes do not take place in this environment: once organic matter

has entered the soil it undergoes very little transformation and retains almost all

of its C content. The plants that grow in such environments are directly respon-

sible for the development of the underlying soil, which is comprised primarily

(or exclusively in the case of peat) of organic materials. Commonly termed

histosols, such soils are defined as soils with a minimum of 40 cm of organic

material in the top 80 cm of the soil profile. Such soils hold enormous amounts

of organic C: its content can reach up to 40% if they do not contain any mineral

particles. If the conditions that prevent decomposition are not altered, organic

matter accumulation and peat formation will proceed unhindered and can

result in organic soils several metres or even tens of metres deep. Unless dis-

turbed, the organic C content of these soils remains in situ for millennia and may

eventually be buried and transformed into coal deposits.

Peat soils can form directly under a forest by the process of paludification.

This occurs when conditions suitable for Sphagnum growth occur on the surface

of forest soil. Changes in climatic conditions or local topography have long been

considered the main drivers of paludification, but this process can result from

natural successional change of the forest. It has been shown that a lowering of

transpirational capacity of the forest stand, for example due to its aging,

increases soil moisture and in locations with sufficient rainfall and hindered

drainage results in peat formation. The process is often self-reinforcing: the

formation of the organic layer further inhibits drainage, increasing waterlog-

ging and slowing decomposition in the process.
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7

Nutrient cycling

Maintenance of ecosystem services from forests, such as C sequestration

and wood production, is dependent upon an adequate supply of mineral

nutrients. Unlike agricultural systems, forest ecosystems are rarely deliberately

fertilised. Thus, the cycling of nutrients between the soil and the plants is one

of the defining aspects of forest ecosystem functioning. The availability of

nutrients for plant uptake can limit the productivity and even the very survival

of ecosystems; many forest ecosystems are limited by N and/or P. Crucial

for plant metabolism and growth, the accessibility of nutrients in the soil is

the result of several biogeochemical processes, often involving complex feed-

backs. Only 17 elements have been identified as essential to higher plants,

but inaccessibility of any of them makes it impossible for plants to complete

their life cycle. Based on the amount of each element required for normal

plant growth, nutrients are commonly classified as macronutrients and

micronutrients.

Macronutrients are required in large amounts and usually constitute more

than 0.1% dry mass. They are divided into two groups: non-mineral macronutri-

ents (C, H, O) and mineral nutrients (N, P, K, Ca, Mg, S). Macronutrients are

required in such high amounts as they are often in structural elements in plants

such as cell walls, membranes, nucleic material or proteins (N, P, Ca), or required

in high amounts in the cytoplasm and vacuole for regulating enzyme activity or

processes such as osmoregulation (K, Mg). Micronutrients are needed only in

small quantities, not exceeding 0.05% dry mass (Zn, Fe, Mn, Cu, Mo, B, Cl, Ni).

These are often elements positioned in the active sites of enzymes and involved

in redox type reactions. In addition to macro- and micronutrients, there are the

beneficial elements of Na, Si, Co, I, and V, which are not essential for plant

growth but which facilitate and improve it.
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Not all organisms in forest ecosystems have the samemineral nutrient require-

ments. For fungi, B is not an essential element and Ca is required in much lower

amounts than in plants. The difference in requirements is related to the different

structure of the cell walls. In plant cell walls, Ca bridges pectin to maintain cell

wall structure; fungal cell walls are based on chitin and Ca is not used in this way.

Plants satisfy most of their C requirement by fixing C from atmospheric CO2;

the remainder of theirmineral nutrients are acquired almost exclusively from the

soil. In the soil, the availability of nutrients is dependent on the rate of depletion

(e.g. uptake by plant roots, fungi, microorganisms) and the rate of replacement

(e.g. bacterial N fixation, organic matter mineralisation, atmospheric deposition,

mineral weathering). In a biogeochemical loop, all nutrients are continuously

taken up and released. The relative balance of these processes is influenced by

factors such as temperature, water availability, composition of plant and micro-

bial communities, soil type, chemical composition of the bedrock, and many

more. The decomposition of both plant necromass and soil organic matter is

closely linked to cycling of many mineral nutrients, and thus the C cycle drives

much of the cycling of mineral nutrients. The C cycle was discussed in Chapter 6.

In this chapter we put emphasis on the cycling of N and P, and attempt to give an

overview of K, Ca and Mg cycling. The cycling of other elements is less well

understood at a forest ecosystem scale.

7.1 Nutrient supply and uptake

Nutrient availability in soils is the sum of mineral nutrients that can be

removed from the soil solution and exchangeable pools. The concentration of

mineral nutrients in the soil solution is considered to be a central factor in the

mineral nutrition of plants and microbes (Figure 7.1). However, plants can also

access the exchangeable pool by using the cation exchange capacity of root

surfaces. In addition, plants and microbes play a significant role in the release

of elements from primary minerals in mineral weathering. Although the pool of

nutrients in the soil solution can be relatively easily measured, the amount of

elements taken from the exchangeable and weatherable pools is much harder to

determine, and thus there is great uncertainty about the size of these pools in

plant mineral nutrition. Soils rarely supply nutrients in the exact amount

required by plants, and elements are often in excess, for example Ca in calcar-

eous soils, or in low amounts, for example K in soils derived from granite

bedrock. To overcome this, plants and microbes selectively take up nutrients,

but also have developed nutrient acquisition mechanisms that boost supply by

freeing nutrients held by chemical or physical bonds, from both organic matter

and minerals in the soil (Chapter 7.2).
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Elements from the exchange sites, desorption and mineral weathering replen-

ish the soil solution pool (Figure 7.1). There are also inputs from the turnover of

organic matter and from throughfall. Any nutrients released into the soil solu-

tion are then rapidly taken up, and the mass of nutrients present in the soil

solution at any given time constitutes a very small fraction of the total contained

in a forest ecosystem, or of the sum of nutrients recycled through the soil each

year. The turnover rate of nutrients in the soil solution is usually in the region of

hours to weeks. Over this period of time, the mass of nutrients flowing in and

out of the soil solution will equal the size of the pool held in the solution. The

actual turnover time of each nutrient depends on the type of the nutrient itself,

on soil characteristics and on several environmental variables. Nutrients will be

taken up in greater quantities in the spring and early summer; plant and

microbial biomass expansion during this period will exert a strong demand,

potentially decreasing availability. Conversely, the dormant season is typically

the time when higher concentrations of available nutrients can be measured,

despite declining nutrient release limited by lower soil temperatures (Figure 7.2).

As a direct consequence of the fluidity of nutrient availability, it is very

difficult to accurately assess the size of the nutrient pool available in the soil.

The labile, or immediately available, pool of a particular nutrient will usually

comprise a diverse array of compounds, which readily transform to one another.
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For example, the available pool of soil N typically represents only 1%–3% of the

total N content of the soil, the rest is held in compounds of varying stability and

not directly accessible to plants or microbes.

Apart from purely chemical processes such as weathering, the available nutri-

ent pool is actively replenished by the activity of plant roots and soil fungi and

microorganisms. Since the ‘mining’ of nutrients from stable compounds involves

breaking down their chemical bonds, and therefore requires energy, this process

is directly dependent on the productivity of the aboveground part of the forest

ecosystem and the allocation of photosynthate to belowground growth. The

processes replacing nutrients taken up from the soil solution represent a

‘buffer’, which is able to compensate for decreasing nutrient concentration.

The nature of this buffer depends on the type of soil chemistry of each nutrient.

N cycling is largely driven by microbial and fungal activity, but nearly all cation

nutrients (Kþ, Ca2þ, Mg2þ, etc.) are buffered by the soil cation exchange complex

(Figure 7.1). The turnover of P and S in the soil is driven both by microbial

processes and by geochemical adsorption and desorption (Chapter 7.2).

Most mineral nutrients are taken up in an inorganic form as free cations or

anions. Some elements such as N and Fe (and other trace metals) can be taken up

either as amino acids (N) or bound to low-molecular-mass organic ligands,

such as organic acids (Fe and trace metals). Elements that are bound to high-

molecular-mass compounds are first cleaved from the organic matter by ectoen-

zymes and then adsorbed as the free cation or anion.

Mineral nutrients are acquired by roots by three processes (Figure 7.3): inter-

ception, diffusion and mass flow. Interception can best be described as a flow of
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Figure 7.2 Concentration of soil exchangeable phosphate measured by anion-

exchange membranes at two locations in the Sierra de Gata mountains in central-

western Spain. Data from Turrion et al. (1997).
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elements between cation and anion exchange sites in soils and similar sites in

the root apoplast. Maintenance of interception requires constant exploration of

the soil, and contact between roots and the soil solid phase. Contact is difficult to

maintain in soils with a low bulk density such as organic layers in forest soils.

Diffusion is the movement of elements with the soil solution down a concen-

tration gradient that has been created by uptake of elements at the root surface.

Replenishment of nutrient concentration at the root surface by diffusion is

dependent upon a number of factors such as soil moisture, the cation exchange

capacity of the soil, and the soil redox potential. The speed at which an element

can diffuse towards the root is measured as a diffusion coefficient, and can vary

from elements with relatively large coefficients (K, NO3) to elements with low

coefficients (PO4). Mass flow is the transpiration-driven flow of nutrients with the

soil water column moving towards plant roots. The flux delivered to the root

surface by mass flow is a function of the solubility of the element in the soil

solution and the flow of water to the root surface, i.e. a function of the rate of

transpiration.

The actual rate of nutrient uptake at the surface of root is a function of

nutrient concentration, the absorbing area of roots and mycorrhizal hyphae

(Section 4.1) and the kinetics of uptake of membrane carrier proteins and ion

channels.

The nutrient uptake rate in common soil conditions adheres to the Michaelis–

Menten model of enzymatic reaction kinetics:

V ¼ VmaxC
KmþC

where V is the rate of uptake, Vmax is the maximum rate of uptake at unlimited

supply, C is the actual nutrient concentration, and Km is the concentration when

V ¼ 1
2 Vmax. The immediate concentration of nutrients in the soil solution there-

fore has a direct impact on the rate at which nutrients can be absorbed. Nutrient

uptake by trees is therefore sensitive to uptake by competing organisms and to
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Figure 7.3 Pathways of nutrient acquisition in roots. With permission from

Marschner (1995).
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rate of replenishment. It is very difficult to determine the actual rate by direct

measurements because of the number of variables involved. Generally speaking,

roots will have the greatest capacity to acquire a nutrient in which they are the

most deficient, aided by the largest concentration gradient between the inside

of the root and outer soil solution. Jones et al. (1994) have shown that roots of

Norway spruce (Picea abies) seedlings grown at high N availability had reduced

N but not P uptake kinetics, but roots of seedlings grown at high N and

P availability had reduced uptake kinetics of both nutrients.

Particularly in dry soils and soils with a low bulk density, a key factor

determining the amount of acquired nutrients is the absorbing surface area.

A clear distinction can be made between plant roots and mycorrhizal hyphae on

account of their size. The absorbing fine roots of forest trees are commonly

around 0.25–1 mm in diameter (for estimates of biomass, fine roots are often

classified as < 2 mm), whereas root hairs, which extend from the epidermis, are

about 0.1 mm thick. Mycorrhizal hyphae, on the other hand, are often less than

0.01 mm in diameter (Chapter 4) and therefore have a far greater surface area:

biomass ratio, making them potentially more efficient in terms of nutrients

acquired per unit of biomass invested. Further, because mycorrhizal hyphae

are less carbon-intensive to build, they can be quickly expanded to utilise

available nutrients and then shed once the local availability of nutrients has

decreased. Owing to their ability to rapidly grow and then die back, mycorrhizas

are able to explore greater soil volumes than roots, and perhaps absorb nutrients

at a lower cost from locations with a higher nutrient concentration. Although

such estimations are speculative, in forests ectomycorrhizas can form lengths of

2000 km of hyphae per square metre. Experimentally, a preferential investment

of C in ectomycorrhizal hyphae that are exploring nutrient-rich patches has been

shown. Thus C allocation may be directed towards the hyphae of mycorrhizas,

and greatly improve the precision of nutrient foraging. Tree fine roots on

average live for much longer than mycorrhizal hyphae and, owing to their larger

size, exert a bigger influence on the surrounding soil, running the risk of

exhausting the nutrient supply in their vicinity and then having to acquire

nutrients against a greater concentration gradient. Rhizosphere (the area of soil

influenced by the root) depletion of nutrients is common in roots of long-lived

root systems, where uptake rates of nutrients exceed replenishment from mass

flow and diffusion. The depletion zone around a much finer mycorrhizal hypha

(hyphosphere) is smaller and the fungus is able to absorb nutrients from the soil

solution without depleting the supply (Figure 7.4). In addition, hyphae growing

out from the root surface are able to bridge the zone of nutrient depletion.

Tree roots and mycorrhizal fungi are able to modify the rhizosphere or

hyphosphere to increase nutrient supply. Commonly, this involves the exudation
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of organic acids or release of ectoenzymes. Organic acids aid in the mobilisation

of P from minerals, by accelerating mineral weathering; ectoenzymes aid in the

release of P and N from organic substrates. For P mobilisation (section 7.3),

similar mechanisms are used by both roots and mycorrhizas, the major differ-

ence being in quantity and not quality. The greater quantity in mycorrhizas is

due to the greater exploration of the hyphal biomass than that possible by roots.

In contrast, for N mobilisation (section 7.2) mycorrhizas release ectoenzymes,

involved in decomposition of organic matter, which are not released by roots.

7.2 Nitrogen

7.2.1 N cycling

Nitrogen is required in higher amounts than any other mineral nutrient

for plant growth, as it is used in structural elements such as lignin and proteins.

These structural elements are also high in C, and thus there is a strong coupling

between C and N requirements. However, in most forest ecosystems plant avail-

able N is normally low, thus N is the element most likely to limit tree growth.

For this reason, the forest N cycle has been given more research attention than

the cycle of any other nutrient.

The amount of N available for plant uptake in forests is determined by several

processes, such as organic matter depolymerisation and mineralisation, microbial

immobilisation and competition between microbes and plants, depending on soil

nutrient status and ecosystem type. Boreal forests, wheremost of the N is locked up

in undecomposed organic matter, are likely to have different gearing between

C and N cycles than temperate forests, where most N is in live biomass. Different
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Figure 7.4 Modelled concentrations of phosphorus in the vicinity of a fungal hypha
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forest types therefore need to be treated separately when considering present and

futureN limitation to their growth. In addition, anthropogenic inputs of Nhave the

potential to alter the N cycle in both temperate and boreal forests (Chapter 10).

N-limited forests are characterised by a largely closed ecosystem internal N cycle

with low external N input from the atmosphere, low losses to the atmosphere and

hydrosphere, and high internal cycling of N. Most of the available N is derived from

depolymerisation andmineralisation of leaf and root litter and decayingmicrobial

biomass. In such ecosystems, N cycling is dominated by reduced inorganic and

organic N compounds such as ammonium ions, amino acids and peptides.

The N cycle in a low-N-input forest ecosystem is shown in Figure 7.5.

In N-limited forest ecosystems, N inputs from atmospheric deposition are low

to negligible. Inputs are in the region of 1–2 kg ha�1 yr�1 (Chapter 9). Biological

dinitrogen fixation forms the main pathway by which N enters the ecosystem.

Much of the N input is due to fixation by associative cyanobacteria in feather

moss and sphaghum communities, believed to be of the order of 1–3 kg ha�1 a�1.

However, the rate of nitrogen fixation by prokaryotes and several types of

anaerobic bacterium can only be established by indirect methods. This is mainly

because it takes place in the soil profile and therefore directly contributes its

products to the same pool as deposition and mineralisation.

The most efficient system for N fixing is represented by symbiotic micro-

organisms, which are housed in root nodules. Fixation of N by trees and plants
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forming this symbiosis has a huge potential for N input, c. 100 kg ha�1 yr�1;

however, in N-limited boreal and temperate forests N-fixing plants are not in

great abundance. Symbiotic bacteria (Rhizobium and Bradyrhizobium in legumes,

Frankia in non-legumes) are able to reduce N2 to ammonia because they are

shielded from free oxygen, the presence of which inhibits the main fixation

enzyme, nitrogenase. The internal oxygen concentration in the nodules is regu-

lated by legohaemoglobin. Not only do the host plant nodules protect from

oxidative conditions, but the host plants also supply the high amount of energy

need to fix N, in the form of carbohydrates. In addition, the plants provide, in the

form of organic acids, the C skeletons needed for formation of amino acids from

the NH3 generated. Only a limited number of plants and trees have evolved this

symbiosis; these include legumes (Fabaceae) and a few genera of woody shrubs

and trees. In boreal and temperate forests, by far the most important are alders

(Alnus spp.) and black locust (Robinia pseudoacacia). Annual estimates of the

amount of N supplied to forests by N fixation vary by a considerable amount,

ranging from less than 1 kg N ha�1 fixed by understory herbaceous legumes to

300 kg N ha�1 supplied by black locust plantations. Plants that can support

N-fixing bacteria obtain most of their N supply from the symbionts, with the

rest of the plants competing for the N available in soil solution.

The amount of ammonia in the soil solution is driven by the release of ammo-

nia from organic molecules and is referred to as gross N mineralisation. At pH

levels of 3.5–5, typical for forest soils, each molecule of ammonia (NH3) immedi-

ately absorbs one hydrogen proton and becomes an ammonium ion (NH4
þ).

N mineralisation was formerly considered to be the rate-limiting step controlling

N availability. However, this concept has nowbeen expanded to a two-step process:

(i) the depolymerisation of organic macromolecules to bioavailable monomeric

dissolved organic N (DON), and (ii) ammonification of bioavailable DON to ammo-

nium. However, the core concept, that microorganisms are responsible for break-

ing down complex organic material into plant-available forms, remains. In

addition, plants and mycorrhizal fungi can take up a range of N compounds and

are not dependent upon N liberated by saprotrophic microorganisms.

Until recently it was considered that trees and the ground vegetation take up

N as NO3 and NH4; however, it has been demonstrated that conifers such as Scots

pine (Pinus sylvestris) and Norway spruce (Picea abies) can take up some organic

forms of N via mycorrhiza colonising their roots (Nasholm et al. 1998). Many

forest trees show a preferential uptake of NH4 over NO3, and the presence of NH4

will suppress NO3 uptake. At the low concentrations typically found in the soil

solution of low-N forest ecosystems (<0.1 mm), high-affinity transport systems

(HATS) are responsible for uptake of NO3 and NH4. Low-affinity transport systems

(LATS) are used when concentrations are above c. 1 mm, but such concentrations
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are only found in natural and anthropogenically N-enriched forests. The prefer-

ence for NH4 over NO3 by tree roots can generally be explained by different

transport capacities of the NH4 and NO3 transporters. However, many studies

have now shown that plants are able to take up organic N, e.g. amino acids, and

that organic N uptake can be the dominant N source for forest trees.

In addition, mycorrhizal fungi may also play a role in the direct acquisition of

organic N and inorganic N by mineralisation of organic matter. Ectomycorrhizas

have been shown to readily take up both NO3 and NH4 via the extramatrical

mycelium and pass this N on to the host plant. It has long been known that the

ericoid mycorrhizas commonly associated with heathland plants and the ground

vegetation of boreal and temperate forest have saprophytic abilities, and these

fungi produce a range of ectoenzymes involved in the breakdown of litter and

soil organic matter. There is now an increasing body of evidence to show that

some ectomycorrhizal fungi also can act as weak saprophytes and break down

plant litter and soil organic matter (Read and Perez-Moreno 2003). It is currently

unknown to what extent N derived from degradation of litter or soil organic

mattermeets the demand of themycorrhizas and the host tree, or rather whether

this saprotrophic phase is a mechanism to meet the C requirements of the

mycorrhizas during periods of low C supply from the host tree. As N supply often

controls rates of photosynthesis, there is an obvious advantage formycorrhizas to

increase N supply to the host plant if availability is low.

Although these ideas are speculative there is more certainty regarding the

ability of ectomycorrhizas to utilise amino acids, as has been shown for a

number of species. The uptake of organic N by tree roots and mycorrhizas

indicates that N may be transferred to plants without the need for conversion

to its mineral forms, thus bypassing several steps in the soil N cycle. Owing to the

existence of this type of organic N uptake, N mineralisation in N-poor ecosystems

such as boreal forests could be of lesser importance than microbial depolymer-

isation (Schimel and Bennett 2004).

TheNuptake from the soil solution by plants andmicrobes and its allocation to

living tissues is commonly defined as nitrogen immobilisation. The NH4 that is

not taken up can be oxidised to nitrite (NO2
�) and then to nitrate (NO3

�) in the

process of nitrification. This process is only possible in aerobic conditions in the

presence of oxygen and, apart from converting N to more accessible forms,

constitutes a source of energy for the microbes. Nitrate has a very short mean

residence time in the soil solution. If not taken up by the microbes or the fungi

directly involved in its conversion, it is quickly absorbed by plant roots. In soils

where access to oxygen is limited, such as waterlogged soils, microbes utilise

nitrate as an electron acceptor to gain energy. Termed denitrification, the process

involves reduction of N compounds from nitrate (NO3
�), through (NO2

�), nitric

1277.2 Nitrogen



oxide (NO) and nitrous oxide (N2O), finally leading to molecular nitrogen (N2).

Apart from the lack of oxygen, the extent to which N is reduced depends on the

C content of the soil, as the energy which supports this process originates from

organic matter. Renneberg et al. (2009) suggest that denitrification has been

systematically underestimated in forest ecosystems in the past, and may play a

much more important role in overall nitrate availability in forest soils and the

competitive balance of nitrate partitioning between plants and microorganisms

than previously thought. Denitrification losses of N are usually negligible in well-

drained soils at low N availability, and N2O or N2 flux from the soil is only

significant in wetlands and in N-saturated soils. Emissions of N2O are important

in connection with global climatic change, as excessive use of N fertilisation in

agricultural systems results in considerable N2O flux to the atmosphere, where it

constitutes a greenhouse gas 200–300 times more potent at trapping heat than

CO2. In forest, ecosystems with low concentrations of N, the major N losses to the

hydrosphere are as dissolved organic nitrogen (see Chapter 9).

Atmospheric N deposition to forests has increased during recent decades

owing to increasing emissions of NOx from fossil fuel combustion and of NH3

from intensive animal production in agriculture (Dise and Wright 1995). In the

most exposed areas in central and western Europe the annual deposition of

mineral N exceeded 80 kg ha�1 in the 1990s; in southern Finland the mean

deposition of N in open areas during 1988–1996 was about 6 kg ha�1yr�1

(Kulmala et al. 1998). Atmospheric deposition is composed mainly of mineral N,

in which nitrate and ammonia have roughly the same proportion. The growth of

most forest ecosystems is limited by the amount of N available for immediate

uptake, and any addition of N, for example from atmospheric deposition, is

likely to increase plant productivity. The effects of N deposition on forests are

discussed in Chapter 9. However, many temperate forest ecosystems also natur-

ally have much higher levels of N availability than described above for low-N

forests. Warmer soil conditions increase the rates of mineralisation, often in

excess of the rates of immobilisation, leading to a greater availability of inor-

ganic N as both NH4 and NO3 in the soil. In riparian forest ecosystems, there can

be a significant N input in the form of NO3 from flood- and groundwater sources,

and therefore NO3 can be the dominant N form in solution. As a consequence

many of the trees found in these ecosystems, such as poplars (Populus) and

willows (Salix), readily take up NO3 and show only a limited preference for NH4.

7.2.2 Importance of C:N ratios

Soil microbes are C limited and depend on plant organic matter as their

source of C. The C:N ratio of plant litter is therefore an important factor

affecting the fate of N held in it. The plants have the highest C:N ratio, followed
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by fungi. Bacteria have the lowest ratio, and thus have the largest N demand per

unit C. Fungi are thus more efficient than bacteria in their N uptake; this is

particularly the case for mycorrhizas, which obtain most of their C supply

directly from the plants and can allocate more resources into N acquisition.

Regardless of the nature of the decomposers, if plant litter C:N is higher than

30:1, both bacteria and fungi will compete strongly with plants for N liberated

during decomposition. When decomposing substrates with high C:N ratios,

microorganisms will retain more inorganic N (mainly as NH4) during decom-

position, thus reducing the availability of this N pool to plants. Conversely, if the

C:N ratio of the substrate is lower than that of the decomposers, microorganisms

will increase the size of the mineralised N pool in the soil. The outcome of the

competition for N between plant and soil bacteria is also dependent on the

timescale under consideration. The bacteria have the largest capacity to rapidly

expand their biomass and take up any mineralised N; however, they also have a

very short life cycle and return any assumed N back to the soil solution upon

their deaths. Plants, on the other hand, are somewhat slower in taking up N from

the soil, but the plant biomass N pool has a far longer mean residence time, thus

leading to greater N accumulation in plants.

Overall, the N cycle in most temperate and (especially) boreal forests

unaffected by anthropogenic N deposition can be characterised as closed, as only

small amounts of N are lost out of the system. The inputs from available N from

deposition, N fixation and organic matter breakdown are readily matched by the

uptake capacity. Moreover, the amount of N cycled through the soil each year is

only a small proportion of the total N pool held in a forest ecosystem. By far the

largest pool is soil organic N, reaching 10–15 t ha�1, which (as discussed) is not

directly accessible to plants and microbes. The second largest pool of N is held in

plant biomass and is usually around 1 t ha�1; this pool includes all N held in

above- and belowground biomass of trees and understory plants. The microbial

N pool contains 30–300 kg ha�1 at any time, but is characterised by a very fast

turnover potential and can be quickly mineralised if environmental conditions

change. Soil inorganic N is mostly adsorbed onto clay or humus particles and can

reach 10–40 kg ha�1.

The amount of N cycled within a forest ecosystem in a year can reach 100–500

kg ha�1, of which about 30% is taken up by plants, with the remainder immobil-

ised by microbes (Bothe et al. 2007). Leaf litter inputs of N into the forest floor

in beech (Fagus) forests in Germany are in the range 50–70 kg N ha�1 yr�1. In

addition, turnover of fine roots contributes a further 20–40 kg ha�1 yr�1. The

contribution from the turnover of roots of the ground vegetation and mycor-

rhizal hyphae is currently unknown. As can be seen from these indicative

figures, the annual turnover of N in forests constitutes about 1%–3% of total
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N pool held in the system. However, since the typical input of N from deposition

and fixation does not exceed 10 kg ha�1, N demand is mostly satisfied by recycling

N already present in the ecosystem.

Nitrogen not taken up by the plants or other soil biota is washed out of the

soil profile by percolating water in low N forest as dissolved organic nitrogen

(DON), but as N availability increases NO3 is leached from soils. NO3 is not

retained in the mineral soil as soils generally have a very low anion exchange

capacity. In contrast, NH4 is normally retained in the mineral soil because of its

higher cation exchange capacity. Nitrate leaching constitutes the largest loss of

N from forest ecosystems and usually takes place if the soil becomes N-saturated

or after the N uptake capacity has been severely disturbed, for example after fires

or harvesting of wood. There is an increasing amount of evidence to suggest that

the mycorrhizal hyphal biomass in forests may play an important role in

N retention in soils, particularly over winter. In deciduous and coniferous trees,

the N required for spring growth is met by internal N stored in the tree biomass,

as often leaf and needle flushing begins before new root growth begins. It may be

speculated that this initial N requirement may also be met by N stored in the

large mycorrhizal hyphal biomass pool.

7.2.3 Climate change and the N cycle

In the near future, forest growth is forecast to increase owing to

climatic change, the main factor being rising concentrations of atmospheric

CO2 and an increase in temperature. Higher growth will further increase the

demand for N, and it has been suggested that this will result in a progressive

N limitation of forests (Luo et al. 2004). However, a potentially increased

demand for N must be viewed in terms of other changes in the physical and

chemical climate (Chapter 11), which may affect growth or the provision of N,

such as temperature and drought (see below). The demand for N may be met by

increases in atmospheric N deposition due to anthropogenic emissions (Chapter

10), as current evidence suggests that anthropogenic N inputs into forest may

also be increasing forest growth. Maintaining optimal forest growth is depend-

ent on optimal N supply, which can be achieved either by sufficient uptake

from the soil or by optimal allocation within the plant (Chapter 10). Nitrogen

allocation in trees, as well as the total N uptake, is one of the main factors

affecting foliar N concentration, which directly affects forest productivity. Trees

optimise their resource allocation for attaining maximum growth, thus allocat-

ing available N to the organs with greatest benefit to growth. This is often a

balance between investing N in photosynthesis (building new leaves or needles)

or investing in increasing N uptake (fine roots and mycorrhizas). The changes in

biomass allocation due to N inputs are discussed in Chapter 10, but allocation
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changes for forests grown in an elevated CO2 atmosphere and interactions with

the N cycle have also been shown.

Carbon dioxide enrichment removes, or at least significantly alleviates,

carbon limitation of tree growth, making responses to N limitation more visible.

This response is often tree-species-specific (Franklin et al. 2009). Observations

from two contrasting sites showed that soil N availability did not decline under

an evergreen (Pinus taeda) forest grown in high CO2, but increased nitrogen use

efficiency occurred through optimal allocation of N within the tree. In contrast,

a broadleaved (Liquidambar styraciflua) stand achieved higher N uptake through

increased production of fine roots, which resulted in decreased N availability in

the soil. The key difference is the C allocation to fine roots: Pinus taeda trees did

not expand their root systems to increase their N uptake, in effect ‘diluting’ the

N concentration in their larger biomass under high CO2. Liquidambar styraciflua

used the extra C fixed under high CO2 to produce more fine roots and to take up

more N from the soil. The amount of N per unit biomass therefore did not

change, but led to a depletion of N stocks in the soil. In the long term, the

N concentration in living plant tissues cannot decrease indefinitely; neither

can N content in the soil. Unless the higher demand for N due to stimulation

of growth can be met, in the form of atmospheric inputs from biological

N fixation or N deposition, and/or higher rates of mineralisation, N availability

will again become limiting to increased forest growth in the high-CO2

future world.

Fine roots of forest trees are, of course, not the only biomass pool involved in

N uptake. As discussed above, N uptake by mycorrhizal networks is thought to be

potentially greater than that of fine roots, largely due to their greater degree of

soil exploitation and enzymatic depolymerization of organic compounds con-

taining N (Read and Perez-Moreno 2003). Mycorrhizal fungi play a dominating

role in the N cycle of N-poor forests. Because of their plentiful C supply and their

wider enzymatic capabilities, they are able to penetrate the soil and colonise the

locations of organic matter decomposition, where they can directly compete

with microbes. An important climate change factor, which can alter the compe-

tition for available N, is the rising concentration of atmospheric CO2. Increased

photosynthate availability at high CO2 concentrations usually leads to greater

mycorrhizal biomass and a frequently observed increase in fungal abundance or

an increase in the fungi:bacteria ratio in soils (Carney et al. 2007). In their review,

Hu et al. (2006) report that about two thirds of 135 experiments on trees and

herbaceous plants observed an increase in the infection and external fungal

hyphae of both arbuscular mycorrhizas (AM) and ectomycorrhizas (EM) under

elevated CO2. Significantly, no studies reported negative effects on mycorrhizal

colonisation or the extraradical and extramatical biomass.
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As stated above, fungi commonly have higher C:N ratios than soil bacteria and

use smaller amounts of N to produce an equivalent amount of biomass. More-

over, they are able to translocate C and N within the fungal mycelium, giving

them an advantage over unicellular organisms. This might explain the low

N availability in fungal-dominated ecosystems, which is likely to decrease fur-

ther in the future (Boberg et al. 2010). In contrast to a potentially higher

N mobilisation via mycorrhizal fungi, if the plant response to elevated CO2

decreases bacterial C limitation in soils, greater immobilisation of available

N in the microbial biomass can be expected.

Increasing temperature is thought to affect N availability in the soil through

the stimulation of organic matter decomposition and mineralisation of soil

nutrients. However, current studies on the influence of warming on N cycling

in soils report highly variable responses across a range of ecosystems (Beier et al.

2008). In particular, observed effects appear to be very seasonal, with the highest

increase of enzyme activities related to N cycling during the winter when

temperature is limiting or in the spring during the period of maximum plant

and microbial activity (Sardans et al. 2008). These authors also report a different

pattern for NH4 and NO3 availability in soil, the former decreasing in spring in

concomitance with the increase in N uptake by plants, while the latter increases

at the same time, probably due to an increase in nitrification activity.

A potentially destabilising factor is an asymmetrical response of C and

N mineralisation to warming, with C, but not N, mineralisation following the

Q10 relationship (a change in the rate of a process correspondent to 10 �C change

in temperature). On the whole, despite observed variation in response to increas-

ing temperatures, an increase in N mineralisation in soil can be predicted under

favourable moisture conditions and substrate availability, mainly in those eco-

systems where temperature is a limiting factor (Hyvonen et al. 2007). However, in

a negative feedback loop, this normally leads to increased forest net primary

productivity (NPP), to increased N demand and ultimately to decreased

N availability in the soil.

As global temperatures increase and forest soils warm, changes in precipita-

tion regime are also expected. This is an important interaction; for example, the

increase in growth of white spruce in Alaska due to climate warming is being

negated by summer drought. Low water potential is a common limitation of

microbial activity in soils and may lead to total inhibition of microbial activity in

very dry soils. The physiological response of soil microorganisms to drought is

due to a decrease in osmotic potential in the cell, dehydration, and finally death

of the microorganisms (Borken and Matzner 2009). The effect of drought on

N mineralisation is more pronounced at high than at low soil temperatures

(Rennenberg et al. 2009). In general, the decrease in microbial activity under
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drought is related to the length of the drying period. However, the actual effects

on process rates of N turnover, especially on gross rates of ammonification,

nitrification, denitrification and microbial immobilisation, and the variable

sensitivity of these processes to drought stress in various forest ecosystems, are

still uncertain. Althoughmicrobial activity may decrease strongly under drought

stress, the availability of DON in the soil may increase due to dieback of micro-

bial biomass, thereby promoting N availability for plant uptake.

7.3 Phosphorus

Phosphorus is another element that may limit ecosystem production in

northern forests. Many natural ecosystems are P limited (Vitousek et al. 2010) and

there is often great uncertainty as to whether, in natural ecosystems, N or P is

the dominant limiting factor. For N, deposition and biological inputs from the

atmosphere are the most important inputs into forest ecosystems, and globally

the atmosphere forms the largest N pool. In contrast, for P the lithosphere P pool

completely dominates the P cycle (Figure 7.6), and inputs from the atmosphere

are small. However, similarly to the N cycle, vegetation and soil organisms

regulate the P cycle significantly.

The biogeochemistry of phosphorus in soils is complex (Figure 7.7). It is found

both in inorganic mineral forms and in organic forms resulting from vegetation

and microbial biomass turnover. Inorganic and organic P forms a continuum of

compounds in equilibrium with each other, ranging from very plant-available

P dissolved in the soil solution to poorly available P held in stable compounds.

Often the exact nature of these compounds is only poorly defined. P availability

Vegetation

Deposition

Litter

Soil

Microbes

Minerals

Adsorbed

Soil
solution

Figure 7.6 Generalised P cycle.
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is usually estimated by the solubility of P in different extraction media. The

operationally defined inorganic P fractions of the soil solution, labile and mod-

erately labile P, are considered to be plant-available.

Various geochemical and biological processes regulate the availability of

phosphorus in soils (Cross and Schlesinger 1995). Inorganic P can react with

Ca, Fe and Al to form discrete phosphates in minerals such as apatite; organic P

can be found in different forms with varying resistance to microbial degradation

(Zhang and Kovar 2000). The available P pool, generally defined as phosphate

(PO4
3�) dissolved in soil solution, is replenished by the turnover of organic P and

the weathering of minerals from the poorly available P pools. The release of

organic P is affected by the rate of organic matter decomposition; the relative

size of the inorganic pool in the soil solution is largely controlled by the rate of

mineral weathering. In forest ecosystems, geochemical processes determine the

long-term distribution of P in soils, but in the short term it is the biological

processes that influence P uptake, since most of the plant-available phosphorus

is derived from soil organic matter. The proportion of P held in various pools

changes as soil develops and the weathering of primary minerals supplies phos-

phate to the plant available pool in the soil (Walker and Syers 1976).

In plants and microbes, phosphorus is used in energy storage and transfer and

is an important structural component of nucleic acids, coenzymes, nucleotides,
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Figure 7.7 A conceptual model of soil P transformations. Chemically extractable

fractions shown in brackets. Shaded portions represent soil pools considered to be

available to plants over the course of a growing season. Pi, inorganic P; Po, organic P.

With permission from Tiessen et al. (1984) and Johnson et al. (2003).
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phosphoproteins, phospholipids and sugar phosphates. A large amount of P is

stored in the vacuolar pool as polyphosphates. When P supply is limited, nucleic

acids and lipids are the main receivers of P. As the P shortage is alleviated, the

relative allocation to these crucial compounds decreases, with the biggest

increase in the inorganic phosphate pool within the plant. Ectomycorrhizas also

have high concentrations of P in their tissues. In mycorrhizas, polyphosphates

act as storage elements for P, but also function as an alternative to ATP.

P-containing minerals in soils are weathered by the action of water and dilute

acids in the soil solution. The weatherability of minerals differs between differ-

ent mineral types. For example, amphiboles and pyroxene weather faster than

feldspar or quartz. Surface area, surface roughness, etch pits and micro-porosity

strongly contribute to the variation in weathering rates. The concentration of

carbonic acids in the soil solution has an effect on weathering and is an indirect

action of microbial and root respiration. However, both plants and associated

mycorrhizal fungi have been shown to be able to directly weather minerals in

soils in order to increase their P nutrition. In a pot experiment, Wallander (2000)

showed that the ectomycorrhizal fungus Suillus variegatus had a significant

positive influence on the dissolution of apatite (calcium phosphate). Oxalic acid,

an organic acid present in plants and commonly released into the soil solution,

was shown to influence apatite dissolution in a root-free soil.

Oxalate is one of the most widespread and abundant organic acids in forest

soils (Jones et al. 2003). Oxalate has been shown to increase the dissolution of

minerals such as apatite, biotite, phlogopite and microcline. Many ectomycor-

rhizal fungi have been shown to exude oxalate. Such observations indicate that

plants and soil fungi are actively involved in increasing P supply.

At an ecosystem level, much of the Ca cycled through a base-poor mixed-

species forest at Hubbard Brook (Blum et al. 2002) was derived from dissolution of

apatite. The apatite-derived calcium was utilised largely by ectomycorrhizal tree

species, suggesting that ectomycorrhizas may weather apatite and absorb the

released ions directly, without the ions entering the exchangeable soil pool.

A similar mechanism may occur for P. Because ectomycorrhizal hyphae form a

large and very active component of belowground biomass in boreal forests, they

have the potential to influence tree nutrition and nutrient cycling. In particular,

the role of mycorrhizal hyphal turnover is unknown, although ectomycorrhizal

hyphae are known to have high P concentrations in their tissues and high rates

of turnover and may be important in replenishing available P.

Available P is primarily released from organic matter as a result of enzymatic

activity. The most important enzyme involved is phosphatase (a common name

for a group of enzymes involved in P mineralisation), which is released by many

soil organisms. However, it is very difficult to determine whether plants or
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microbes are releasing phosphatase. Phosphatase activity is extremely variable,

and existing observations of phosphatase concentration in the soil do not correl-

ate with plant P content. One of the reasons for this discrepancy might be the

complexity of P chemistry in the soil: many of the P-containing compounds are

interchangeable and transform from one to another according to concentration

gradients and soil conditions (pH, moisture, temperature).

All P contained in forest ecosystems ultimately originates either frommineral

weathering or from atmospheric deposition. The rate of background P deposition

is very small compared with the annual uptake by a forest ecosystem. The annual

input by dust deposition was estimated to be 110 g P ha�1 in Côte d’Ivoire in

Africa (Stoorvogel et al. 1997) and 250 g P ha�1 in Japan (Tsukuda et al. 2006),

whereas annual uptake by a forest is usually in the range of 5–12 kg P ha�1. The

rates of mineral weathering are less well known, but are thought to be correlated

with the rate of P deposition and probably do not exceed hundreds of grams

P per hectare. Since a forest typically contains 50–200 kg P ha�1 only in living

tree biomass, the vast majority of annual P uptake comes from mineralised

organic matter. The important factor to consider is the accumulation of

P released by weathering and deposition. It takes hundreds of years for the stocks

of P commonly observed in forests to accumulate, signifying the very low losses

of P from natural ecosystems. The demand for P relative to supply is usually so

high that there is hardly any leaching loss of P, even if the plant demand for P is

removed by harvesting. Microbial uptake and retention by geochemical pro-

cesses have the capacity to retain all the phosphorus.

Similarly to N, the dominant type of compounds that contain P is dependent

on soil type. Soils in boreal forests are characterised by slow organic matter

decomposition and most P in this type of forest is of the organic form. Temperate

forests, on the other hand, typically have faster decomposition and greater

microbial activity, leading to faster P mineralisation and uptake of P in the

inorganic form. Boreal forests, with their mor type humus, typically contain

several times more P in their litter layer compared with temperate forests,

which have more favourable mull type humus. However, this is not reflected in

the P content of trees: one would expect better P nutrition in a temperate forest

due to faster P turnover and higher P availability. However, trees growing in

boreal forests are characterised by their mycorrhizal symbioses, which are able

to mine organic P locked in dead plant biomass. Moreover, the pH of boreal soils

tends to be lower, with a lower availability of cations, which tend to form

insoluble salts with inorganic phosphate, thus making P more available for

plant uptake.

In both boreal and temperate forests, pedogenic barriers such as clay layers,

iron pans or chemically adverse layers such as E horizons of podzols (Chapter 8)
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can limit the growth of roots into deeper soil layers. When roots cannot pene-

trate into the mineral soil then P cycling becomes restricted to the P cycling in

organic matter and little new P can enter the system from mineral weathering.

Such a mechanism may be responsible for the long-term decline seen in forest

ecosystems in the absence of disturbance (Wardle et al. 2004), and emphasises the

potential importance of such as windthrow in remixing of soil layers and

recoupling of the organic and mineral soil P cycle.

7.4 Potassium, calcium and magnesium

Commonly termed the base cations, Kþ, Ca2þ and Mg2þ have very similar

cycles in forest ecosystems. The ultimate source of these minerals in the soil is

weathering of parent material: they are freed from the chemical bonds by the

constant action of physical, chemical and biological weathering agents. Soon

after their release, the cations are either taken up by living organisms or

adsorbed onto the cation exchange complex (CEC, Chapter 3), where they form

the exchangeable cation pool. Organic matter and the CEC accumulate nearly

all cations that have been released by weathering and not lost from the ecosys-

tem by leaching. Because of the flux of cations in and out of organic matter and

the CEC, these two pools constitute both the source and the sink of available soil

nutrients, continuously exchanging cations via soil solution.

Over the life cycle of a forest, the exchangeable nutrient pool undergoes large

changes driven by the balance of weathering, decomposition, biomass accumu-

lation and leaching. The balance between these processes may determine not

only tree nutrition, but also soil chemistry. Significant removal of cations from

the exchange complex and a decrease in base saturation usually leads to soil

acidification (Chapter 8), which then affects organic matter decomposition rates,

soil texture, etc. The relative mobility of these three cations when leaching from

decomposing forest litter is typically potassium > calcium >magnesium. Along-

side mobility in the soil profile, their rate of replenishment from non-

exchangeable pools is also different and is directly linked to the chemical

composition of parent material. The long-term observations of soil chemistry at

Calhoun Experimental Forest (South Carolina, USA) indicate that the rates of

weathering release of the three cations differ markedly. Local parent material

originates from granite-gneiss and its weathering is not able to supply adequate

replacement of Ca2þ and Mg2þ cations removed from the exchangeable

pool by uptake and leaching. Bioavailable Kþ, however, was amply supplied by

releases from non-exchangeable mineral sources, providing a striking

contrast between ecosystem cycling of various cations in this forest (Richter

and Markewitz 2001).
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Most of the potassium available for uptake and present in the CEC is released

from decomposing organic matter. Potassium is usually present in plant mater-

ial as a free cation and is generally the first element to be released; about half of

leaf Kþ is leached or remobilised from leaves before their abscission. Potassium is

involved in regulating plant cell osmotic potential, photosynthesis and protein

synthesis, and plays a major role in regulating cytoplasmic pH by buffering

organic and inorganic anion concentrations.

The main sources of plant-available calcium and magnesium are the decom-

position of organic matter and release of cations from CEC. Once absorbed by

plants, Mg2þ forms one of the building blocks of nucleophilic ligands (such as

ATP, involved in energy transfer) or the key component of chlorophyll. In fact,

Mg in chlorophyll constitutes up to half of the total Mg content in leaves.

Calcium within plants is found as free exchangeable cations and also bound

within cell walls and in vacuoles.

Mineral weathering in most temperate forest ecosystems is able to supply

sufficient quantities of base cations, and their availability does not limit forest

growth. In some instances, notably on calcareous and saline soils or in proximity

to marine environments, the concentrations of Kþ, Ca2þ and Mg2þ vastly exceed

potential uptake and may limit availability of other nutrients and therefore

growth. Most boreal forest soils, on the other hand, are characterised by low

pH and low CEC saturation. The majority of cations released from weathered

materials are still present in the system, but are locked up in live or undecom-

posed organic matter. Boreal forests tend to benefit from artificial addition of

base cations, which is carried out as aerial dusting with milled limestone and/or

dolomite. A large-scale liming programme of forests, wetlands and lakes has

been carried out in Sweden annually since 1982 to combat acidification of soils

and surface waters (Svenson et al. 1995). Increased availability of base cations

then results not only in increasing pH, but also in greater forest growth and a

decrease of root biomass, since fewer roots are needed to provide sufficient

nutrition (Helmisaari and Hallbacken 1999).

7.5 Forest nutrient cycle and climate change

At present we are only just starting to uncover the effects of climate

change on tree nutrition, since our knowledge of the cycling of most essential

nutrients is very limited. For obvious reasons related to human nutrition, pub-

lished studies of the effects of climate change factors such as elevated CO2 on

nutrients other than N and P are almost exclusively focused on crop plants. Such

studies report a wide variation in effects of CO2 enrichment on plant nutrition;

the direction and the size of observed effects varies greatly depending on plant
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species and soil nutrient availability. In general, however, elevated CO2 is

expected to significantly alter the elemental composition of plants and to lower

the micronutrient concentration in plant tissues (Loladze 2002). An investigation

of immediate nutrient uptake, carried out at a timescale of days, revealed that in

young walnut seedlings grown in elevated CO2 nutrient uptake rates of K
þ, Ca2þ

and Mg2þ were proportional to CO2 uptake rate, but that of P ions was not. This

discrepancy shows that, despite the nutrient storage capacities previously

observed in young trees, uptake of some nutrients from the soil is strongly

coupled to carbon uptake from the atmosphere (Delaire et al. 2005). In a more

long-term analysis of trace metal concentration in forest trees grown under

elevated CO2, Natali et al. (2009) found an additional factor guiding element

uptake in future atmosphere. They observed that the dilution of essential micro-

nutrients in plant tissues harvested from high-CO2 treatments was less than that

of non-essential ones. Alongside tree species and soil characteristics, the effect of

elevated CO2 in this study was mediated by whether the particular metal elem-

ent is essential to plant growth or not. The trees were able to increase the uptake

of essential elements in step with increased biomass growth, but did not expend

any energy on the acquisition of non-essential elements. Such shifts in nutrient

uptake might have profound consequences for soil nutrient cycling, as the

relative concentrations for essential and non-essential elements in the soil solu-

tion and in the CEC might be different from what we see today.

Nutrient availability in soil relies on the presence of CEC, but this inherent

soil property may be strongly affected by elevated CO2. In a fast-growing poplar

(Populus) plantation, an increase of base cation availability (Ca2þ and Mg2þ),

together with an overall increase in CEC, was found under elevated CO2, together

with a corresponding increase in the concentration of foliar Mg (Lagomarsino

et al. 2006). An increase in CEC under elevated CO2 can result from an increase in

soil organic matter content and soil aggregation status, both adding to the

cation adsorption capacity of the soil. Trees growing in an elevated-CO2 atmos-

phere might therefore be able to (indirectly) affect the soil’s capacity for nutrient

provision and thus regulate nutrient availability in the long term.

Global temperatures are forecast to increase during the course of this century

and beyond, bringing about a change in tree functional biology and nutrient

demands, chiefly because tree species distribution is unlikely to be able to keep

pace with climatic changes. The magnitude and the speed of nutrient cycles in

forests differ greatly, owing to the degree of biological control and the origin of

the elements. Elements with primarily biologically controlled cycles (such as

C and N) might show reactions to changing temperature different from those

of elements with cycles controlled by both biological and geological processes

(such as P, S and K) or elements with predominantly geologically controlled
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cycles (such as K, Ca, Mg, S or micronutrients; e. g. Watanabe et al. 2007). Rising

temperature does bring about an increase in the rate of most biological and

chemical processes, but only until an optimum temperature is reached. Most

processes show a drop in their rate if the temperature increases further. For

example, productivity of forests that at present are limited by temperature, such

as boreal forests, is likely to be higher in a warmer world. If an increase in boreal

forest productivity due to higher temperatures is to be maintained, it will have

to be accompanied by an increase in nutrient supply provided by faster

weathering or greater deposition. Increased mineralisation and turnover rates

of organic matter might initially supply sufficient nutrients to support higher

growth, but any nutrients currently held in undecomposed organic matter

would eventually end up locked in larger biomass, not adding to nutrient

availability. On the other hand, growth of trees already operating at or beyond

their temperature optimum will not be stimulated by further increases in

temperature: forests in such environments are unlikely to become nutrient-

limited, especially since existing climate scenarios forecast a concomitant

increase in drought.

Soil heating experiments, usually carried out by inserting heating cables into

the soil profile, have shown that nutrient uptake by trees, an active process

supported by enzyme activity, is highly temperature-dependent (Rennenberg

et al. 2006). The direct effect of increasing soil temperature on this process is

difficult to quantify in field conditions, largely because it is confounded by co-

occurring drought. Several authors claim that nutrient uptake increases with

rising temperature (Bassirirad 2000; Dong et al. 2001) but, just like other enzym-

atic processes, the rate of uptake increases only until a threshold temperature is

reached. Gessler et al. (1998) measured ammonium uptake in spruce and found

maximum uptake at 20 �C, followed by a decrease at higher temperatures. Given

that forest soil temperatures are normally much lower than expected critical

threshold, such limitation of nutrient uptake is unlikely to be reached in field

conditions, at least not under a closed canopy forest.

It is generally accepted that any direct effects of climate change on ecosystem

functioning will indirectly affect nutrient availability and cycling. At the time of

writing, we know relatively little about such phenomena, owing to the dearth of

experiments investigating multiple factors (Chapter 11). Any change in nutrient

availability, utilisation or cycling in an ecosystem component, such as soil, plant

biomass or soil water, will affect the nutrient status of other components,

causing a potential cascade of effects. For instance, it has been shown that future

increases in temperature may increase root mortality more in N-rich soils

in temperate forests than in N-poor soils in boreal forests, with important

implications for the N cycling between plant and soil (Hyvonen et al. 2007).
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Mineral weathering, together with atmospheric deposition, is the most

important source of plant nutrients and is strongly dependent on soil tempera-

ture and soil moisture, both of which will be affected by climate change. Increas-

ing temperature will speed up the release of nutrients locked up in the mineral

soil fraction, while decreasing soil moisture may limit this process. Higher rates

of weathering of nutrient-rich rocks generally lead to higher base saturation of

the soil and maintain higher soil pH, both characteristics favourable to plant

growth. Although elevated CO2 is not thought to have a direct effect on

weathering, a larger supply of photosynthate to mycorrhizal fungi has been

shown to occur under elevated CO2 (Treseder 2004). Since mycorrhizas are

directly implicated in mineral weathering through the release of organic acids

(Van Breemen et al. 2000), their proliferation may potentially increase ecosystem

nutrient availability. There is some evidence of direct transport of nutrients

from soil minerals to trees via mycorrhizal hyphae, providing a direct link

between increased C fixation and tree nutrition. The implication of these find-

ings is that the nutrition of forest trees might be maintained at higher levels

of NPP in a future elevated-CO2 atmosphere; however, we do not have any

information to confirm or refute the long-term viability or the scale of

such processes.

Despite the fact that most nutrients necessary for tree growth ultimately

originate from mineral weathering or from atmospheric deposition, the bulk

of nutrient uptake comes from the recycling of organic matter deposited to the

soil. Nutrients are released into the soil solution during the decomposition of

litter and are quickly taken up and recycled for the production of new organic

matter. Climate change is likely to have a very significant effect on this process,

as nearly all organisms involved will be affected, both directly and indirectly.

Litter quality, temperature and soil moisture are known to control the rate of

decomposition and subsequent release of nutrients. Elevated CO2 alters litter

quality, with significant decreases in its nutrient content. Less nutrient per unit

mass, coupled with slower litter decomposition under elevated CO2, are there-

fore likely to reduce nutrient availability in the long-run. Working in the oppos-

ite direction, as several soil warming experiments have shown, a 3–5 �C rise in

soil temperature strongly increases the rate of decomposition. All of these effects

appear to be tree-species-specific, and are probably also influenced by soil

properties.

Interactions between elevated CO2 and temperature may greatly affect soil

enzyme activity via changes in soil microbial community and plant growth. Feng

et al. (2007) found that the compound effects of elevated CO2 and temperature on

enzyme activities were more significant than those of elevated CO2 or tempera-

ture alone. Such positive feedbacks between elevated CO2 and temperature are to
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be expected, as both factors have a generally positive effect on enzyme activity,

the first through an increase of substrate availability, and the second through an

enhancement of activity rates. In N-limited ecosystems, warming may make

more N available for increased plant uptake under elevated CO2 by increasing

N mineralisation, but the immediate availability of N is likely to be moderated

by temperature, moisture, labile C and N input, soil pH and texture – all

characteristics likely to be altered by climate change.
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8

Northern forests in a high-CO2 world

The ability to predict the likely effects of global change on forest ecosys-

tems is one of the major challenges of ecology at present. The observed increase

in the atmospheric CO2 concentration is a direct factor likely to affect the

functioning of forest ecosystems, including that of the soil. A diverse range of

experimental designs and facilities has been used in attempts to predict the

response of forests to forecast concentrations of CO2. They test the reaction of a

multitude of organisms and processes, from a single photosynthesising cell to a

whole forest, to a CO2 concentration much higher than that of today. As well as

scale and system complexity, different lengths of exposure of plants to elevated

CO2 were tested. Existing observations vary from only a few days’ fumigation,

assessing the immediate physiological response, to continuous measurements

on trees grown under elevated CO2 conditions for several growing seasons, to

measure ecosystem-scale processes. This chapter explains various techniques

used to simulate future atmospheric levels of CO2 and then discusses the likely

effects of elevated CO2 on forest growth, soil carbon and nitrogen cycles and on

forest soil biota functioning and diversity.

8.1 Atmospheric CO2 enrichment technology

The concentration of CO2 in the atmosphere has been rising owing to

human activity during the past two centuries. The level of CO2 in the

pre-industrial period, estimated at 280 ppm, has increased to the present value

of approximately 385 ppm and is predicted to rise further during the course of

this century. As soon as it was realised that this phenomenon might have

profound consequences for ecosystems, the effect of elevated CO2 came under

close scrutiny. As is always the case with an emerging field of research, the first

143



to be examined were the simplest of ecosystems: agricultural crops. Numerous

studies were carried out on crop plants, followed by examination of wild herb-

aceous species and communities; such studies were reviewed by, among others,

Bazzaz (1990). Subsequently, studies aimed at improving our understanding of

effects of elevated CO2 on trees emerged. Even now, in comparison to crop

species, the response of trees to CO2 enrichment is less well understood. This is

due to the obvious complications arising from the size of the ecosystems studied,

the life span of trees and from the need to simulate the development of natural

canopy in time. An added complication is related to the large buffering effect of

the woody storage compartments. With reference to forest soil and its processes,

emphasis has to be placed on long-term studies that allow for any direct effect of

CO2 on trees to feed through the forest–soil system.

At the onset of elevated CO2 research, greenhouses and closed chambers

were the main methodology of choice given their simplicity and, in some cases,

existing infrastructure. This method involves growing trees in pots in green-

houses with altered atmospheric conditions. Given the space restrictions, stud-

ies of tree species have been limited mainly to examining seedlings or very

young trees, giving rise to the obvious difficulty of extrapolating observations

from young trees to fully mature forests. With the invention of phytotron

techniques, tree species have also been examined in chambers where all envir-

onmental conditions were controlled. Open top chambers (OTCs) were the next

step in exposing trees to elevated CO2. As the name suggests, this technique

involves enclosing part of an ecosystem in a chamber open at the top and using

the ‘half closed’ space thus created to expose plants to varying environmental

factors. The conditions inside an OTC differ slightly from those on the outside,

since some effects on temperature, humidity and wind speed cannot be

excluded. Similarly to the closed chamber technique, application of OTC

imposes a considerable size constraint on the trees being studied. This point

is well illustrated by Norby et al. (1999), who in their review present a overview

of replicated experiments in which whole trees were exposed to elevated CO2

under field conditions. Out of 31 studies listed in the review, only 4 have been

carried out on trees older than 5 years, with the majority of experiments

involving seedlings or clonal cuttings.

The possibility of using natural CO2 springs to study long-term effects of

elevated CO2 on trees has also been noted and explored. These springs have

existed for decades or centuries and offer a unique opportunity to study accli-

mation of natural ecosystems to elevated CO2 conditions, albeit in a rather

uncontrolled manner. For example, the acclimation and long-term adaptation

of a Mediterranean shrub macchia or mature Quercus ilex stands to elevated CO2

have been studied by utilising such springs (Figure 8.1). Although this approach
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can be used to study ecosystem-scale processes, there are drawbacks that have to

be taken into account. These include lack of proper control plots and great

spatial and temporal variability of CO2 enrichment.

To exclude all environmental disturbances between the plants treated with

elevated CO2 and control plants and to expose entire ecosystems, the FACE (Free

Air Carbon dioxide Enrichment) technique was developed in the 1970s and 1980s

(Harper et al. 1973; McLeod et al. 1985). Originally designed to study agricultural

crops, the system has been applied to a wide range of forest ecosystems, albeit so

far only in the temperate region (Figure 8.2). FACE experiments are almost

unanimously considered to provide the best opportunity to expose parts of tree

communities to conditions of elevated CO2. In its original design, the FACE

system consists of sets of horizontally or vertically positioned blowers releasing

either ambient air or CO2-enriched air into the atmosphere. The CO2 delivery

infrastructure is usually arranged in a circular pattern, enclosing the experi-

mental area into which air is blown. This allows for the observation of the

reaction of the entire forest community to elevated CO2 with minimal artifacts

due to the operation of CO2 enrichment equipment. Since the elevated CO2 can

only exert its influence through stimulating photosynthesis, most systems aim

to enrich the atmosphere at the top of the forest canopy where most of the CO2

assimilation takes place. The consumption of CO2 used for enrichment in these

experiments is several tonnes per day, which is one of the reasons why so far they
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Figure 8.1 Daily course of sap velocity (a) and sap flow (b) in Quercus pubescens growing

in the vicinity of a CO2 spring (solid line) and in ambient atmosphere (broken line).
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biomass. Reproduced with permission from Tognetti et al. (1996).
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have only been constructed in locations with suitable transport infrastructure.

To date, however, these studies are our best windows through which we can

glimpse the growth and the development of forests in the future high CO2 world.

8.2 Increased forest production

The first location where elevated CO2 alters plant functioning is at its

point of entry into the plant body: photosynthesis. Plants can only sense the

presence of elevated CO2 through tissues directly exposed to ambient air. Many

studies have shown that there is a direct effect of increased CO2 on the rate of

photosynthesis. For example, an increase of CO2 from today’s value to about

550 ppm increases net leaf photosynthesis by about 12%–36% (Ainsworth and

Long 2005). Early studies, most often carried out in closed facilities, indicated

that over time there is a downregulation of the photosynthetic response to rising

CO2. However, with the invention of FACE, and hence with the ability to expose

whole ecosystems to elevated CO2, this was proven not to be the case. We now

know that the stimulation of photosynthesis does not decline with time and

appears to be a genuine long-term effect. This is the case for a wide range of

plants growing both in managed and non-managed ecosystems, including trees.

In temperate forests, the stimulation of primary production by elevated CO2 has

been shown to persist over time and to reach a value of about 23% (Norby et al.

2005) (Figure 8.3). Of course, the longest running FACE experiments cover only a

Figure 8.2 EuroFACE experiment where tree poplar (Populus) species were subjected

to elevated CO2 treatment for 6 consecutive years. Photo is taken shortly after

coppicing; resprouting stems can be seen in rows on the ground. (Photo: authors.)
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decade or two of CO2 enrichment, a period not comparable with the natural

growth cycle of northern forests, which can span 80–250 years, if not more. The

observed downregulation in plants grown in containers is mostly related to

increasing resource limitation (e.g. nutrient or water) or to decreasing sink

strength (e.g. root growth). There might come a point where the downregulation

of the photosynthetic response to rising CO2 will happen in natural forests; we

do not have the experimental capacity to assess this process at the present.

In terms of CO2 affecting forest soil and its functioning, it is important to

consider what happens to the extra C fixed in elevated CO2. Some of the newly

created sugars are very quickly utilised for leaf maintenance and respired as CO2,

while a large proportion is exported and partitioned among the various parts of

the tree body, which all represent C sinks. The most studied level of partitioning,

that between the root and the shoot, is only slightly increased by elevated CO2

(Luo et al. 2006). Trees are usually thought to be more responsive to CO2 increase

than other types of plants because of their larger sink capacity, created by woody

tissues. Since the root-to-shoot ratio in a tree is marginally increased and trees do

grow larger in elevated CO2, larger sink capacity in the shape of a greater woody

root system allows for continuing stimulation of photosynthesis. This means

that the amount of carbon entering the soil in a forest growing in elevated CO2 is
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much larger than in ambient air. Enhanced delivery of organic matter into

the soil does influence soil functioning and therefore alter soil microbial

communities, decomposition rates, nutrient availability and soil C storage.

8.3 Soil C dynamics

As already stated, high concentrations of atmospheric CO2 usually

mean greater growth, resulting in greater organic matter input into the soil.

However, faster growth can only be sustained if the soil supplies the plants

with additional nutrients and water, or if available resources will be usedmore

efficiently to construct each unit of biomass. Clearly, the response of the

carbon and nutrient (represented by nitrogen in most studies) cycles to ele-

vated CO2 will depend on a set of complex interactions between the trees and

the soil (Van Groenigen et al. 2006).

There are several major pathways through which carbon enters soil in a forest

ecosystem. This can be either via decomposition of aboveground detritus such as

leaves or branches on the soil surface or via C transfer through root systems. Tree

root systems are one of the most significant conduits of organic matter flow in

any forest soil (Chapter 6). Fine roots (defined as less than 1 or 2 mm in diameter)

are continuously growing and dying. This process, known as fine root turnover,

results in a near-constant supply of fresh organic matter at different soil depths.

Coarse roots, on the other hand, have a much longer life span and mostly

contribute to the soil C cycle through their decomposition only after the even-

tual death of the tree. Fine roots are often the main beneficiary when trees are

growing in elevated CO2 (Norby et al. 2004); higher availability of assimilates

increases their biomass as well as their turnover (Table 8.1). If both fine root

biomass and fine root turnover are increased by elevated CO2, significantly more

C will enter the soil in forests growing in atmospheric CO2 concentrations

predicted for the latter part of this century. Living tree roots are also the source

of root exudates, mucilage and cells, which together can account for 0.5%–5% of

net fixed C (Farrar and Jones 2003). These are utilised by plants in soil explor-

ation, defence and signalling and form a relatively accessible substrate for soil

microorganisms. The effect of elevated CO2 on this carbon flux in field condi-

tions is unknown at present, chiefly because of technical difficulties with their

measurement in living soil.

One more large C flux related to roots needs to be mentioned. Most trees

are mycorrhizal: symbiotic fungi colonise their fine roots and, essentially, form

a vast attachment of tree root systems, commonly known as a mycorrhiza

(Chapter 4). The symbiosis involves an exchange of sugars supplied by the tree

for nutrients and water provided by the fungus. Because elevated CO2 usually
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increases photosynthate availability in trees and since the mycobionts are

dependent on the host for all of their C needs, increased supply of C by means

of increased photosynthesis and subsequent root allocation can be beneficial for

these fungi (Rillig et al. 1999). A positive feedback loop can be envisaged in

elevated CO2 conditions: plants transfer more assimilated C to their below-

ground compartments, and mycorrhizal fungi increase growth and exploit a

greater volume of soil, allowing them to supply more water and nutrients to

the host plant.

To date, any such effects have been investigated mostly in model systems,

consisting of a single plant species and a single or several fungal symbionts. In

one of the early reviews of the topic, Staddon and Fitter (1998) indicated that

the percentage of roots with mycorrhizas can increase significantly in elevated

CO2. In addition, as root biomass tends to rise, total mycorrhizal biomass might

do so at the same time. Klironomos et al. (1997) found that although the

percentage colonisation of roots of Populus tremuloides was not affected by

elevated CO2, the extraradical hyphal network was altered both quantitatively

and qualitatively. Different mycorrhizal groups vary in their response to

elevated CO2, resulting in potential shifts in the mycorrhizal community

(Godbold et al. 1997). Not many of these interactions have been studied in the

field, mostly because of the difficulty in separating C flows originating directly

from tree roots and those passing through mycorrhizas. Nevertheless, Godbold

et al. (2006) have been able to show that, in field-grown poplar (Populus) planta-

tions under elevated CO2, more than 60% of C entered the soil via mycorrhizas,

making them the dominant C input pathway in this type of forest ecosystem

(Table 8.2). The same magnitude of C allocation to mycorrhizas was detected

under both ambient and elevated CO2, despite the fact that the poplar biomass

Table 8.1 Annual rate of fine root turnover during three consecutive growing seasons

in three Populus species

The turnover was calculated as a ratio of fine root production in ingrowth cores

to maximum standing fine root biomass.

P. alba P. nigra P. � euramericana

Growing season Control FACE Control FACE Control FACE

1 1.2 1.7 1.0 1.4 1.0 1.3

2 1.4 3.7 2.1 2.7 1.1 2.0

3 2.1 1.6 1.8 2.0 2.2 2.0

Mean turnover 1.6 2.3 1.6 2.0 1.4 1.8

Source: With permission from Lukac et al. (2003).

1498.3 Soil C dynamics



and productivity was significantly stimulated by elevated CO2 throughout the

experiment. This discrepancy was attributed to the low resolution of existing

methods used to study soil C pools and fluxes. Any short-term change in soil

C pools is very difficult to quantify, chiefly because any change tends to be

extremely small compared with the size of the pool. This highlights the need

for further field-based studies of C transfer to mycorrhizas and any effect

elevated CO2 might have on this process.

All forms of organic matter entering the soil, originating from roots, leaves,

mycorrhizas and so on, undergo the process of breakdown and decomposition

mediated by the community of soil organisms. Elevated CO2 has been shown to

alter both the quantity and the quality of organic matter, giving rise to questions

about the effects of elevated CO2 on soil C cycling and storage. During its

decomposition, organic matter is broken down by a plethora of processes of

biological, chemical and physical nature. Labile organic compounds resulting

from these actions are quickly utilised by the soil microbial community as a food

source, and most of the C they contain exits the soil as CO2. More stable organic

compounds enter the long-lived pools and thus remain in the soil for prolonged

periods of time. The effect of elevated CO2 on the transformation of fresh organic

matter to stable soil C is of great interest, since this is the main driver behind

C sequestration in future forests.

Higher aboveground litter production under elevated CO2, however, does not

necessarily translate into immediate higher C storage in the soil. The fate of

decomposing organic matter might be altered by changes in the chemical com-

position of litter, especially if elevated CO2 will reduce foliar chemical quality.

Indeed, trees grown in elevated CO2 have been shown to produce poorer-quality

litter (high C:N) than trees grown in ambient atmosphere (low C:N). Generally,

plant litter quality is considered to be high if it contains relatively high amounts

of N, a condition thought to stimulate and speed up litter decomposition.

Conversely, litter with low N content is thought to be of lower quality and

Table 8.2 Soil C inputs from root litter and mycorrhizal hyphae in three species of

Populus grown under ambient and elevated CO2 conditions (g C m�2)

Data shown are estimated by a 13C isotopic analysis and are the cumulative

values for the period from June 1999 to November 2001.

P. alba P. nigra P. � euramericana

Ambient FACE Ambient FACE Ambient FACE

C input roots 840 566 845 805 832 801

C input mycorrhizal hyphae 1228 954 1364 1311 1412 1267
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decompose more slowly. Litter decomposition rates might, however, be better

explained by considering the C:N ratio rather than just the N content. The C:N

ratio is an approximate indicator of the nature of organic compounds present in

litter; higher C:N ratios in the litter of trees growing in elevated CO2 have been

shown to correlate with increases in the contents of lignin and cellulose. High

amounts of lignin may interfere with the enzymatic degradation of carbohy-

drates and proteins and therefore slow down the rates of decomposition. The

initial rate of decay was shown to be fast, especially in litter with low C:N ratio,

but slow in litter with high C:N ratio.

The widely observed N limitation ofmost boreal forest ecosystems is expected to

increase the C:N ratio of tree biomass in the future as the trees will increase their

N use efficiency (NUE, amount of biomass produced per unit N used). FACE experi-

ments in temperate forests indicate that both N uptake and NUE increase in

elevated CO2 to support higher biomass production, resulting in no alteration of

the C:N ratio (Figure 8.4). Available field observations of litter decomposition sug-

gest that the processes of litter accumulation and subsequent carbon transfer to the

mineral soil will be site-specific and mediated by species-specific mechanisms. CO2

enrichment reduced foliar chemical quality and litter decay rates in aspen (Populus

tremula) in Wisconsin, USA (Parsons et al. 2008), whereas there was only a small

inhibitory effect on decomposition of litter from three Populus species in central

Italy (Cotrufo et al. 2005). Further, decomposition of litter from loblolly pine and

four deciduous species was unaffected by elevated CO2 in a forest plantation in

North Carolina, USA (Finzi et al. 2001; Finzi and Schlesinger 2002). Such differences

suggest that any responses of litter decomposition to future changes in atmospheric

CO2 concentration are likely to be species- or perhaps even ecosystem-specific.

Any changes in the quantity, and especially in the quality, of organic material

deposited in the soil are likely to affect the biomass, species composition and

functioning of the decomposers. Field studies that have addressed whether such

changes in microbial community composition or activity mediate the changes in

the rate of decomposition are few and far between. Because microorganisms are

the most important players in the carbon transformation in soil, their response

to increased carbon deposition is likely to influence the amount of C eventually

stored in the long-lasting soil pools. Results from short-term laboratory or green-

house observations indicate that the rate of decomposition can change, although

the direction or the magnitude of the change was found to be influenced by the

length of exposure to elevated CO2, plant community and soil nutrient availabil-

ity (Cardon et al. 2001). Experiments subjecting a developing aspen community,

a chaparral ecosystem in southern California and a coastal scrub oak forest have

all found that elevated CO2 increases fungal abundance in soils. The observed

increase suggests that high belowground productivity can be maintained even at
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lower N availability, since fungi tend to have higher C:N ratios than bacteria.

Ecosystem N demand could be reduced if elevated CO2 consistently increases

their biomass at the expense of bacteria, even if greater biomass is produced

overall. Mycorrhizal fungi are likely to receive more photosynthate in elevated

CO2 conditions, whereas saprophytic fungi could benefit from higher fine root

production and turnover, as well as greater aboveground litter production.

Under controlled conditions and in FACE experiments, a change in the ecto-

mycorrhizal community structure has been shown. Elevated CO2 caused a shift

towards ectomycorrhizal morphotypes with a thicker hyphal mantle, and thus a

great amount of fungal biomass (Godbold et al. 1997). This was shown in both

Pinus strobus and Betula papyrifera. An increase in the amount of extramatrical
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mycelium was also found in Betula papyrifera under elevated CO2 in controlled

conditions, but has not been shown under FACE. This difference between the

results for the two exposure methods may be either that changes in the extra-

matrical mycelium cannot easily be detected in natural soils (or do not occur), or

that increased hyphal production is rapidly consumed by soil fauna.

The stimulation of decomposer activity by higher organic matter input under

elevated CO2 is thought to induce the breakdown of stable organic pools, which

would not be subject to microbial attack under ambient conditions. This

increased rate of decomposition is known as a priming effect, and has been shown

in many elevated CO2 experiments. The priming effect induced by elevated CO2

and subsequent decline in stable soil carbon pools can theoretically occur in any

terrestrial ecosystem, as soon as the rate of photosynthesis is stimulated by higher

concentrations of CO2. However, such effects are difficult to detect in many soils

owing to the short time scales of most studies. Stable carbon pools have long

residence times andmost soils contain large amounts of stabilised organicmatter

in comparisonwith the annual change; any carbon loss is therefore likely to take a

substantial amount of time tomanifest itself. However, there are approaches that

allow assessment of the likely impact of priming effect on soil carbon storage.

Hoosbeek et al. (2004) utilised the 13Cmethod to investigate the effect of elevated

CO2 on soil C pools under a poplar (Populus) plantation. Themethodmakes use of the

presence of a stable isotope of carbon (13C) in all organic matter, the concentration
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of which is easily distinguishable from the normal C atoms (12C) by mass spectros-

copy. The researchers used soil with different 13C signature compared with that of

the poplar biomass, as the poplar litter was undergoing decomposition and

entering the soil pools, the 13C signature of these pools would change. They were

able to show that the elevated CO2 induced the priming effect and resulted in a

significant loss of old C pools (Figure 8.6). Similarly, Carney et al. (2007) were able to

detect changes in soil carbon over a relatively short time period because the soil

carbon pools in their Florida scrub oak ecosystem were small and turned over

relatively quickly. The sandy soil at the site had poorly developed soil structure

and a low silt and clay mineral content. They were able to show that six years of

elevated CO2 treatment reduced soil carbon in this ecosystem despite higher plant

growth, offsetting approximately 52% of the additional carbon that had accumu-

lated at elevated CO2 in aboveground and coarse root biomass. Carbon losses were

of similar magnitude in fast- and slow-turnover pools, driven entirely by changes in

soil microbial composition and activity. These results suggest that the expected

higher soil C storage at future CO2 concentrations might be too optimistic.

The priming effect may be too difficult to detect in well developed soils with

high silt and clay concentrations, yet the underlying mechanisms may be applic-

able to a wide range of conditions. Experiments using such soils have not detected

C loss because its extent was below the detection level and not because it did not

happen. Further, there are considerable difficulties with elucidating the impact of

elevated CO2 on soil C pools from a step-increase in CO2 concentration imposed by

most experiments. Global atmospheric CO2 increases steadily and its effect on soil

microbial functioning is likely to be gradual, with sufficient scope for adaptation
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of existing communities. In contrast, current forest FACE experiments tend to

impose a sudden increase in CO2 concentration. Any observations should there-

fore be treated with caution, especially where mature forests developed in ambi-

ent conditions and were then exposed to elevated CO2. These findings suggest

that at present it is not possible to reliably predict whether elevated CO2 will

translate to greater or smaller C storage in forest soil. As mentioned earlier, high

CO2 experiments, even those at the largest scale, are typically run for several years

or decades at most, making it very difficult to make long-term predictions of a

process that is thought to take several decades or centuries to reach equilibrium.

8.4 Soil CO2 efflux

When assessing the effect of elevated CO2 on soil C storage, alongside

measuring inputs and resident pools, equal importance must be given to the

estimates of the amount of C leaving the soil. Forest soil respiration has fre-

quently been suggested to constitute the main pathway for C to leave forest

ecosystems. Soil CO2 emanating from the soil is a product of both autotrophic

(plant roots) and heterotrophic (soil biota, fungi and microbial biomass) respir-

ation. A likely effect of greater root systems found under elevated CO2 is an

increase of autotrophic respiration (Janssens et al. 1998). Since soil CO2 efflux is

controlled by a diffusion gradient, an increase in CO2 concentration in soil

atmosphere resulting from increased respiration will cause increased soil CO2

efflux. The other pathway for C to leave the soil – leaching of dissolved organic

carbon (DOC) to groundwater – appears to be only of minor significance in

studied ecosystems. Andrews and Schlesinger (2001) report that in the Duke

forest FACE experiment this downward flux represented only about 1% of annual

NPP. In contrast, soil CO2 efflux in the same ecosystem represents 56% of GPP.

Most current observations of forest soil CO2 efflux indicate that elevated CO2

conditions increase soil respiration. The observed increase in forest FACE experi-

ments was of a similar order at all sites, ranging from þ12% to þ16% in the older

forests and fromþ22% toþ46% in the newly established forests. If the autotrophic

element of soil respiration under elevated CO2 increases in line with increased

belowground C allocation, the response ofmicrobial respiration to greater C inputs

might tip the balance between soil C loss and increased storage. Given the com-

monly observed limitationofmicrobial activity by the lack of labile C andN in forest

soils, additional labile organic matter originating from decomposing root biomass

is likely to have an effect on soil microbial communities. Greater rates of microbial

respiration under elevated CO2 would then indicate that increased litter inputs

and/or root exudation are being metabolised by a soil microbial population that is

larger, more active, or both. However, microbial communities in soils with high

1558.4 Soil CO2 efflux



organicmatter content are probably not likely to immediately respond to increased

C input. Larson et al. (2002) did not find any effect of elevated CO2 on microbial

respiration in soils under developing aspen (Populus tremula) forest exposed to

elevated CO2. Similarly, no change in the microbial activity in a sweetgum (Liquid-

ambar) plantation 3–4 years after the start of CO2 enrichment (Sinsabaugh et al.

2003), or under three poplar (Populus) species was found (Gielen et al. 2005). It has

been reported that the degree to which microbial respiration is stimulated by

exposing woody plants to elevated CO2 is highly variable and can range from a 4%

decline to a 72% increase.

The existing soil conditions, as well as the tree species composition, are likely

to steer the reaction of soil microbial community to elevated CO2. Soil respir-

ation rate was not increased in young Norway spruce (Picea abies) and European

beech (Fagus sylvatica) stands grown under elevated CO2 when growing in acidic

soil, but elevated CO2 significantly stimulated soil CO2 efflux when the same

trees were grown in calcareous soil. The amount of C cycled through the soil of a

temperate forest appears to be greatly dependent on soil fertility. Microbial

biomass and specific rates of microbial respiration are sensitive to soil character-

istics and do not appear highly responsive to elevated CO2. For this reason, any

results obtained so far cannot be used to characterise long-term interactions

between organic matter decomposition, elevated CO2 and soil fertility.

8.5 High CO2 and soil N cycle

In addition to the quantitative changes in organic matter entering the

soil profile, qualitative alterations in plants growing in elevated CO2 can affect

C cycling in the soil. Plants grown in elevated CO2 have higher tissue C:N ratios,

Table 8.3 Effect of FACE on soil CO2 efflux

Data shown are in g m�2 y�1.

Experiment

Period of

measurement Species Control FACE

Response to CO2

enrichment

Rhinelander 1998–2001 Populus tremuloides 862 1053 þ22%

Populus tremuloides and

Betula papyrifera

762 1035 þ38%

Duke 1997–2003 Pinus taeda 1504 1747 þ16%

ORNL 1998–2001 Liquidambar styraciflua 844 947 þ12%

EuroFACE 2000–2001 Populus alba 730 986 þ35%

Populus nigra 749 1093 þ46%

Populus � euramericana 766 1079 þ41%

Source: Reproduced with permission from Lukac et al. (2009).
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by about 14% on average (Cotrufo et al. 1998). Even though large differences in

the change of C:N ratio mediated by elevated CO2 were observed between

species, a significant and persistent increase of C:N ratio will probably lead to

decreased N input from organic matter decomposition. Most soil microbial

communities are C limited and as such are likely to benefit from increased

C input in elevated CO2. However, in the long run the reduced N concentration

in plant litter is expected to result in a decrease of decomposition of organic

matter in the soil (Verburg et al. 1998). However, this issue has not been

clarified yet, as decreased, unchanged and increased decomposition rates were

reported for organic matter originating from elevated CO2 conditions when

compared with ambient.

Similarly, a change in soil microbial biomass might affect N availability. Luo

et al. (2004) argue that increased soil C input in unfertilised ecosystems will

increase microbial biomass, which will immobilise increasing amounts of N in

its cells. This is thought to lead to a long-term reduction in soil N availability,

a process known as progressive nitrogen limitation (PNL). This process might be,

at least temporarily, alleviated by several feedbacks, which have all been

observed under elevated CO2. Increased N uptake efficiency by the trees, defined

as unit biomass produced with unit nitrogen, has been observed in poplars

(Populus) grown in elevated CO2. Similarly, increased root colonisation by mycor-

rhizas or increased turnover of microbial biomass might increase the supply of

available N. There is some evidence that elevated CO2 means a tighter nitrogen

cycle in a forest, with much less leakage than at the present. Soil nitrogen

leaching from the soil profile decreased both in Florida oak scrubland (Hungate

et al. 1999) and in a sweetgum plantation (Johnson et al. 2004) after exposure to

elevated CO2. However, in the long term, any increase of plant or microbial

N uptake mediated by elevated CO2 without a net ecosystem gain of nitrogen

will become self-limiting (Hungate et al. 2004).

The only mechanism that can counter PNL is nitrogen fixation, provided it is

stimulated by elevated CO2 to a degree similar to that of nitrogen uptake. Early

studies on pot-grown tree seedlings indicated that nitrogen fixation by symbiotic

Rhizobium bacteria is indeed stimulated by elevated CO2. Seedlings of Gliricidia

sepium (Jacq.), a tropical tree species native to Central America, did show an

increase in whole plant N uptake and enhanced N-fixing activity in elevated

CO2. Similarly, total N2 reduction activity of Robinia pseudoaccacia and Alnus

glutinosa seedlings did increase in elevated CO2, because the plants were bigger

and supported more nodules on their roots. However, we simply do not know

how these processes translate from seedling and closed-environment studies into

field-grown forest over extended periods. A sustained increase in N fixation in

the field under elevated CO2 has been measured only in fertilised systems, such
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as managed pasture (Ross et al. 2004). Natural ecosystems, such as the oak scrub-

land already mentioned, did show an initial doubling of N fixation when exposed

to elevated CO2, but this stimulation disappeared in the subsequent years, prob-

ably owing to other nutrient limitation (Hungate et al. 2004). In Alnus glutinosa

grown under FACE, N fixation matched the increase in growth due to elevated

CO2, with about 60% of total tree N coming from fixation under ambient and

elevated CO2. Only if the Alnus glutinosawere in competitionwith Betula pendula for

some N did the proportion of biologically fixed N increase under FACE.

8.6 Diversity of soil biota

Since soil microbes, including mycorrhizal fungi, alter the quality and

quantity of C allocation to soil C pools, the flow of carbohydrates through

microbial biomass is a key factor in determining the fate of C in the soil. It has

been established that increased input of organic matter into the soil can affect

nutrient availability; however, there are contrasting hypotheses about the direc-

tion in which it will be affected by elevated CO2. On the one hand, increased

deposition of organic matter into the soil can support larger microbial biomass

and thus increase mineralisation and nutrient availability. On the other hand,

greater microbial biomass would lock up nutrients and cause available nutrient

deficiency in the soil. In an early study of the interaction between elevated CO2

and soil food web, Klironomos et al. (1996) have shown that the effect of elevated

CO2 on the functioning of the soil microbial community is closely related to

nutrient status of the soil. Under elevated CO2 and in low nutrient conditions
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they observed a more mutualistic C pathway with a predominance of mycor-

rhizas, whereas high nutrient availability resulted in an opportunistic sapro-

troph/pathogen pathway of C flow in the soil.

Changes in the quality and quantity of plant litter in elevated CO2 are expected

to change several attributes of the populations and communities of soil biota,

including their density, biomass, diversity, activity, rates of consumption, life

history parameters and migration ability (Figure 8.7). At the present, however,

the exact nature of the likely changes due to increasing concentration of CO2 is not

clear: no general trends in the responses of soil fauna and soil processes to elevated

atmospheric CO2 have been found. Elevated CO2 has been shown to decrease the

abundance of microarthropods under deciduous trees such as birch, aspen and

maple (Loranger et al. 2004) and the abundance of microarthropods and nema-

todes under loblolly pine (Neher et al. 2004). Conversely, Markkola et al. (1996)

found no consistent responses of soil fauna to doubled atmospheric CO2 concen-

tration in a pot experiment with Scots pines planted in coniferous forest humus.

The most commonly tested hypothesis – that increased organic material input

will increase soil microbial biomass – has so far proved to be false in certain

circumstances. The decrease of soil animal abundance shown in, for example,

the aspen FACE experiment (Figure 8.8) might be due to changes in the chemical

composition of the organic matter. The observed decrease of N concentrations

and increase of condensed tannin in leaf litter under elevated CO2 offer a

plausible explanation for the decrease in animal abundance (Loranger et al.

2004). The decrease in soil fauna abundance under elevated CO2 has been
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observed for other groups of soil biota, suggesting that the effects of elevated CO2

propagate through multiple levels of the soil food web. Effects of elevated CO2 on

soil food webs seem to be dependent on soil fertility. On more fertile soils, the

increase in the production of organic matter stimulates the growth of the soil

microbial community and subsequently the growth of microbial feeders and

saprophagous fauna. In contrast, nutrient depletion and soil acidification

commonly found in less fertile soils overcome the positive effects of increasing

plant productivity. Interactions with other global change drivers other than

elevated CO2 will have to be investigated before we can truly understand the

effect elevated CO2 has on soil functioning. Effects such as the change in life span

in response to temperature elevation and changes in microbial community

composition due to changing soil conditions will have to be taken into account.
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9

Soil acidity and heavy metal pollution

Soils of the humid temperate and northern forests tend to be acidic and

high in organic carbon. In the past 100 years many of these soils, particularly in

Europe and the northeastern USA, have been further acidified by the inputs

of acid deposition, as well as by the effects of forest management. Although

emissions of the main acidifying agent – suphur dioxide – from coal burning

have largely been eliminated in Europe and North America, acid deposition in

northern forests is still significant in developing countries, particularly China.

Areas historically most affected by acidification are close to major sources of

sulphur dioxide emissions, mainly because of the short-distance transport of this

pollutant. Growing emissions and more effective dispersion technologies later

combined to change the nature of acid deposition to one affecting regions or

sub-continents, largely owing to increasing importance of long-distance trans-

port. Alongside acidification, some of the affected forest soils have also been

subjected to heavy metal deposition, leading to heavy metal accumulation

within the soil profile. This chapter explains the principles and the mechanisms

of soil acidification and heavy metal toxicity and discusses their effect on forest

soil functioning.

9.1 Emission, transport and deposition of pollutants

The principal anthropogenic sources of acidity are emissions of sulphur

and nitrogen into the atmosphere from combustion, in the form of sulphur

dioxide (SO2) and oxides of nitrogen (NOX). These gases are then oxidised in the

atmosphere to sulphuric (H2SO4) and nitric acid (HNO3) and are deposited into

forests via precipitation, commonly termed acid rain. However, for both sulphur

and nitrogen, a number of compounds are emitted into the atmosphere from
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natural and anthropogenic processes. Natural emissions of sulphur are from a

number of sources and include sulphur dioxide, hydrogen sulphide (H2S) and

dimethyl sulphide (CH3SSCH3), from sources such as volcanoes and marine

waters. The largest part of the naturally emitted sulphur is as H2S, which is

rapidly oxidised to SO2. Globally, natural emissions of sulphur are about half of

the anthropogenic emissions. Natural emissions of nitrogen are a very small

proportion of total current emissions and are from sources such as lightning,

natural fires and soils as N2O and N2. Anthropogenic emissions are from NOX

from combustion, principally from road transport, but also from agriculture in

the form of ammonia (NH3). In the atmosphere NH3 is rapidly converted to NH4,

and thus neutralises acidic agents in the atmosphere. However, once deposited

into forests, uptake by vegetation and microbes and conversion to amino acids,

or the conversion of NH4 to NO3 by microbes in soils, always results in the release

of protons and hence acidification. In addition to inputs to forest from precipi-

tation, there are also large inputs from gases and particulates. Particulates are

deposited in the form of dust or aerosols, which have a particulate diameter of a

few micrometres or less. Input into forest via aerosols is particularly important

for most heavy metals.

Some of the earliest accounts of damage to forests by air pollution date from

the 1850s, with the identification of Rauchgasschade (damage from flue gases) in

Germany. However, this was mainly local damage in the vicinity of large sources,

such as smelters. With the recognition of the effects of air pollution on human

health, the height of smokestacks was increased in order to disperse the pollu-

tants, starting around the 1950s. This increase in smokestack height changed

visible air pollution from a local to a regional problem, and is thought to have

heralded the era of long-distance transport of air pollution. However, there is

now evidence to suggest that long-distance transport of air pollutants began

much earlier. By collecting and analysing aerosols at remote sites, and then

comparing their element signatures to regional element signatures and/or

coupling them to air trajectory data, the source regions of the pollution aerosols

can be traced. Using such analysis, it can be shown that heavy metals are

transported over thousands of kilometres to almost any spot in the northern

hemisphere. Some heavy metals such as iron (Fe), manganese (Mn) and zinc (Zn)

are essential micronutrients for plants and have natural and pollution sources,

whereas others, such as cadmium (Cd), lead (Pb), mercury (Hg), silver (Ag) and

thallium (Tl), are non-essential and are known to pose a significant risk to forest

ecosystem health. Emissions of heavy metals to the atmosphere are from a wide

range of different sources. Trace quantities are found in fossil fuels, the burning

of which may result in the release of elements such as Hg and V. A number of

industrial processes also give rise to emissions of specific metals, such as
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smelting (Cu, Cr, Ni and Zn), or factors such as road transport cause emissions of

Zn and Pb. A large source of arsenic (As) is the burning of treated wood.

Deposition into forests is divided into wet and dry deposition, which is a

division into inputs from rain and fog, and gases and particulates, respectively.

The contribution of wet and dry deposition to the total depends on the pollu-

tion climate but also upon interaction with the tree canopy. In general, inputs

of acids and heavy metals are higher into forest than into vegetation of lower

stature. In a comparison of the input of S and N into a moorland or forest

(Table 9.1), in an unpolluted environment inputs of S are 16% greater and

inputs of N are 31% greater into forest compared with the moorland. This

increases to 43% and 48% for S and N, respectively, in a polluted environment.

The greater input into forests is due to tree canopies being particularly efficient

at combing pollutants from the passing air mass via dry deposition, as well

as from fog and mist. The relative proportion of dry deposition also increases in

polluted environments.

In addition to the combing action of tree canopies for both wet and dry

deposition, tree canopies also intercept precipitation and re-evaporate the

precipitation from leaf surfaces. The percentage of precipitation intercepted

depends upon the shape of the canopy, as well as stand factors such as

the stocking density of the stand. Table 9.2 shows that, depending on the shape

of the crown, 24%–30% of precipitation is retained in the canopy, and does not

reach the soil during a rain event. The amount of water retained by interception

varies depending upon the intensity of the rain event: a higher intensity usually

leads to a proportionally lower retention. Interception, and the subsequent

re-evaporation of wet deposition, results in accumulation of acidity and heavy

metals on leaves and needles. The accumulated acidity in the tree crowns is then

removed in the throughfall during subsequent strong precipitation events. As a

consequence, inputs of acidity and sulphate in throughfall are often greater than

those via above-canopy wet deposition (Table 9.3). Owing to the scavenging

Table 9.1 Effects of vegetation type on annual deposition of S and N in a

low-pollution and a high-pollution area

Total (wetþdry) deposition (kg ha�1 yr�1)

Vegetation type Unpolluted area Polluted area

S N S N

Moorland 6.3 8.1 37.6 46.8

Forest 7.3 10.6 53.6 69.5

% increase (forest/moor) 16 31 43 48
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effects of the crown, acidity inputs via throughfall are often greater in spruce

than in beech. Concentrations of SO4
2� in throughfall can be two to three

times higher compared with bulk precipitation, as it combines the wash-off of

previously dry-deposited sulphate particles, SO2 and leaching of internal plant

sulphur from foliage.

The capture and fluxes of heavy metals are dependent on the chemical nature

of each metallic element. For Cu and Pb, but not for Cd, the inputs via dry

deposition are greater in Picea abies than in Fagus sylvatica (Table 9.4). In Picea abies

the concentrations of Cd and Pb in throughfall exceed those in the wet deposition.

A large part of the input flux to the soil is via the litterfall, showing that the heavy

metals, once deposited onto the leaves and needles, are not easily removed.

9.2 Inputs of acidity

Acidity and heavy metal inputs into forest have been occurring since the

beginning of industrialisation. Increased deposition began in the late 1880s, and

reached a peak in the 1970s. Data from ice cores from Greenland also suggest

that long-distance transport started at the beginning of the 1900s. Since 1970,

the emissions of SO2 have been cut by nearly 80% in Europe and North America,

Table 9.3 Total wet above-canopy deposition of protons and sulphate,

and the deposition to the soil via throughfall under Norway spruce

(Picea abies) and beech (Fagus sylvatica) at Solling, Germany

Values are in units of kg ha�1 yr�1.

H SO4–S

Wet deposition 0.8 23.2

Beech throughfall 2.0 50.0

Spruce throughfall 3.8 83.1

Table 9.2 Percentage of precipitation intercepted by different types of

tree crown

Tree type Interception as a percentage of precipitation

Pine 24

Spruce 30

Oak 24

Beech 27

Source: Modified from Van der Salm et al. (2007).
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mainly as a result of emission limits and SO2 emissions trading mechanisms. In

contrast, NOX emissions have beenmaintained at a similar rate. Owing to improve-

ments in farm management, emissions of NH4 have declined (Chapter 10).

As a consequence of these cuts, in general the inputs of acidity agents into forest

ecosystems in industrialised countries have declined.

9.2.1 Soil acidification: nutrient loss, Al release, Al in soil solutions

In Europe and North America, acid precipitation has greatly increased

rates of soil acidification in forest ecosystems. This can be seen in long-term

studies or by resampling of the same sites after many years. For example, in a

northern hardwood forest in Pennsylvania, USA, Oa/A horizons have decreased in

pH by as much as 1 unit, with large losses of Ca and Mg from the soil profile. The

increased soil acidity seen in many forest ecosystems is a result of both direct

proton (Hþ) input from deposition of acids into ecosystems and internal proton

production during nitrogen turnover (Table 9.5). Whereas deposition of acids to

soils in the form of sulphuric (H2SO4) and nitric acid (HNO3) results in proton

inputs, the proton input from N turnover is dependent upon the form of N,

i.e. either NH4 or NO3. As discussed above, uptake and turnover of NH4 by plant

roots and microbes results in release of a proton, whereas in contrast uptake of

NO3 results in release of a hydroxyl (OH�), thus neutralising protons. In contrast

to NH4 and NO3, uptake of SO4 by organisms does not result in release of either

protons or hydroxyl groups. Thus, whereas dissolution of H2SO4 in soils results in

release of two protons, dissolution of HNO3 results in addition of one proton and

if the NO3 is taken up, a release of one hydroxyl group and thus does not

generate acidity. However, in most forest soils NH4 is taken up preferentially

compared to NO3. Where N requirements are met by NH4 alone and little NO3 is

Table 9.4 Input of heavy metals via wet and dry deposition to tree crowns, and

inputs to soils via throughfall, stemflow and litterfall in Norway spruce and beech

stands in Solling, Germany (1974–1978)

Metal flux (g ha�1 a�1)

Species Metal wet dry throughfall stemflow litterfall

Beech Cu 236 236 142 20 75

Spruce Cu 236 423 227 0 240

Beech Pb 285 152 229 73 120

Spruce Pb 285 448 467 0 256

Beech Cd 15.9 0.4 10.8 1.7 2.3

Spruce Cd 15.9 4.2 20.1 0 1.9
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taken up, proton inputs result from both NH4 and HNO3 deposition. Table 9.5

shows that the input of protons has decreased between 1980 and 1991, reflecting

the improvements in air quality. However, acidity generation due to turnover of

N has remained constant, and thus has increased in importance relative to direct

proton inputs, contributing between 23% and 35% of the total proton inputs.

In soils, addition of acidity results in a decrease in soil pH, a loss of cation

exchange capacity with a resultant loss of base cations (Kþ, Mg2þ, Ca2þ, Naþ) and

eventually release of toxic elements such as Al into the soil solution. Soil buffer-

ing capacity limits the changes in pH, but continuous acidic deposition eventu-

ally leads to decreasing soil pH. Traditionally, the buffering capacity of soils is

thought to be related mainly to the mineral phase of the soil, with little

emphasis on the organic component. During soil development, soils naturally

undergo acidification over thousands of years, resulting in weathering of min-

erals within the soil. The process of mineral weathering is the dissolution of

minerals within the soil from water and biogenic acidity, such as carbonic acids

formed from soil respiration. The dissolution of minerals buffers pH changes in

the soil (Table 9.6).

As stated earlier, forest soils in the carbonate buffer range form the exception,

as most soils that still have forest cover tend to be acidic. Soils in which

the carbonate buffer range is active are mostly rendzinas and terra fuscas

(Chapter 3), soils typical of beech and oak chalk woodlands. In this buffer range,

with addition of acid there is little change in the alkaline pH as the dissolution of

carbonates of Ca, Mg and Na neutralise all added acidity. These soils have the

largest acid-neutralising capacity. Once the carbonates are exhausted, there is a

relatively rapid decline in pH during the weathering of primary silicate minerals.

The weathering of primary silicates results in the formation of secondary clay

minerals. The negative charge on clay minerals produces a large fraction of the

cation exchange capacity; thus during weathering of silicates the cation

exchange capacity can increase (Figure 9.1).

Further weathering in the cation exchange buffering zone results in the

formation of non-exchangeable Al-hydroxy species. Most forest soils fall within

Table 9.5 Changes in proton inputs into soils from deposition and turnover

of N in soils at Solling, Germany

Proton inputs kmol ha�1 yr�1

Source 1980 1991

Hþ deposition 3.8 2.9

N turnover 1.0 1.3
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the pH range of the cation exchange and aluminium buffer ranges. It is the

further acidification of these buffer ranges that results first in base cation

(Ca, K, Mg, Na) loss, and then subsequent release of Al into the soil solution as

Al-hydroxides and Al-containing minerals dissolve, as well as release of exchange-

able manganese from manganese oxides. When base cations are released from

soil minerals and cation exchange sites, they can be removed with the percola-

tion water. The decreasing pH value ultimately lowers the cation exchange

capacity, as the charge on the mineral exchange site is pH-dependent, but also

because Al binds to the exchange sites. Mineral weathering is closely linked to

the composition of the ion exchange complex because dissolved cations, both

base cation and Al, compete for cation exchange sites on existing and newly

formed soil clays. Whereas weathering of minerals containing base cations

replenishes the base saturation, the increase of Al on the cation exchange sites

Table 9.6 Buffering components and their pH ranges

Soil buffering

component Soil pH range

Main reaction product

(chemical change in soil)

Carbonate: CaCO3

and MgCO3

8.6> – >6.2 Ca(HCO3)2 in solution

Silicate: primary

silicate minerals

Whole buffer range

(dominate at pH >5 in

carbonate-free soils)

Weathering of primary silicates to

secondary clay minerals (increase in

CEC)

Cation exchange:

clay minerals

5> – >4.2 Formation of non-exchangeable

hydroxy-Al (reduction of CEC,

blockage of permanent sites)

Cation exchange:

Mn oxides

5> – >4.2 Exchangeable Mn (reduction in base

saturation)

Cation exchange:

interlayer

hydroxy-Al

5> – >4.2 Al hydroxysulphate (by sulphate inputs

accumulation of acid)

Aluminium:

interlayer

hydroxy-Al

<4.2 Al3þ in solution (displacement of Al,

reduction in permanent charge)

Aluminium/iron:

interlayer

hydroxy-Al and Fe

<3.8 Organic Fe complexes (Fe displacement)

Iron: ferrihydrite <3.2 Fe3þ in solution (Fe displacement,

bleaching, destruction of clay

minerals)

Source: Reproduced with permission from Ulrich (1987).
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lowers the base saturation of the exchange sites, as Al is considered to be an

acidic cation. The greater affinity of Al compared with Ca for cation exchange

sites will result in the predominance of Al at cation exchange sites. Up to 90% of

sites may be occupied by Al, even at 10-fold higher concentration of Ca2þ in the

soil solution.

The dissolution of Al-hydroxides enhances exchangeable acidity, and is espe-

cially important below pH 5, when monomeric inorganic Al is predominantly

in the form of Al3þ. This pH range, therefore, represents a threshold transition

from an exchange complex dominated by base cations to one dominated by Al3þ,

hydroxyl Al species and Hþ (Chadwick and Chorover 2001). This change is both

a chemical and a biological transition zone, where biological activity and

the activity of burrowing soil animals decreases. As Al is more prevalent than

base cations in weatherable minerals, complete conversion from base cation to

Al-saturated exchange sites can occur within a relatively short time.

Organic matter in the soil is not considered in the buffering scheme discussed

above. However, most forest soils are rich in organic matter, which contributes a

large part of the soil cation exchange capacity. Figure 9.2 shows the development

of the cation exchange capacity when organic matter is included. In soils or soil

horizons high in organic matter, but low in clay and with few weatherable

minerals, buffering reactions are controlled by combination of organic matter

functional groups and hydrolysis of Al-hydroxides bound to organic matter. For
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soils in the pH range of 6–5, if organic matter accumulates, the effective cation

exchange capacity can increase even though pH decreases, as the increase in

charge from the accumulating organic matter is higher than the decrease in

charge per unit of organic matter. With further addition of acidity, the hydroly-

sis of mono- and polynuclear forms of Al-hydroxides complexed by organic

matter, and carboxylate groups of organic matter, buffer the pH in the range

between about pH 6 down to 4. At pH values below 4, the protonation of organic

matter functional groups by Hþ results in a less negative charge on the

organic matter functional groups at lower pH, and release of Al3þ from

the organic matter.

However, with the exception of deep histosols, the rooting zone of most forest

soils will contain both organic and mineral fractions, albeit in differing

amounts. At pH values below 4.2, Al will be present both as exchangeable

Al and as Al in the soil solution, in the form of Al-hydroxides and Al3þ. Both

Al on the solid mineral phase and Al in solution will form complexes

with organic matter, and will reach equilibrium. Owing to the high affinity of

CEC*

6.2 5 4.2 3.8

pH

Fraction of permanent charge on CEC

Accumulation of CM and oxides

Carbonate buffer Exchange buffer AI buffer Fe/Al
bufferSilicate buffer

Fraction of variable charge on CEC

Figure 9.2 Schematic long-term change of the CEC in a soil with ongoing mineral

weathering and concurrent accumulation of organic matter. As the pH declines, CEC

increases owing to clay formation and accumulation of organic matter. As pH declines

below 5, CEC decreases owing to blockage by Al, but stabilises at low pH as further

deterioration is buffered by dissolution of Al-bearing minerals. Redrawn from Ross

et al. (2008).
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Al3þ for carboxylate groups, the majority of Al in the soil solution is in a

complexed form if organic matter is present.

In a comparison of Swiss soils, a significant relationship was found between

the base cation to Al ratio in the soil and the soil solution (Graf Pannatier et al.

2004). However, the base cation to Al ratio in the soil solution also differed in

horizons with the same base saturation, showing that the composition of the soil

solution cannot easily be predicted. Changes in the availability of Al on the solid

phase of a soil profile are shown in Figure 9.3. The Al that can be removed by

oxalate increases with soil depth, whereas the distribution of Fe shows a bimodal

distribution due to the deposition of Fe in the Bs horizon. However, such fine-

scale analysis of soil profiles has also shown that, with the exception of pH, there

are limited possibilities for predicting the composition of the soil solution from

the chemical properties of the soil solid phase.

9.2.2 Soil solution speciation of Al

Estimation of the speciation of Al and heavy metals in solution is

important for estimating the potential effects of these elements on plants and

microorganisms. With decreasing pH, Al forms a series of Al-hydroxide com-

plexes and only at pH values lower than 4.2 does Al3þ become the dominant

form. In the soil solution, Al forms a range of inorganic and organic complexes;
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the precise nature of the speciation of Al and other heavy metals is rather

difficult to determine. It can be estimated by a number of analytical methods

and modelled by using dedicated computer programs, most of which were

developed only recently. Figure 9.4 shows one such model of calculated speci-

ation for Al in soil solution of a podzol under Pinus sylvestris.

The soil solution is calculated to contain mostly aluminium sulphate (AlSO4),

aluminium fluoride (AlF), free aluminium (Al3þ), and Al bound to organic

matter. The percentage of Al3þ is lowest at 60cm, whereas the AlF fraction

increases greatly. AlSO4 is only a small percentage of the total Al, and the

concentration decreases with depth. In this example the fraction of Al bound

to organic matter does not change greatly with depth. However, often in the

O and A horizons Al is primarily bound to organic matter. The example illus-

trates how the concentrations of available or potentially toxic Al3þ may differ

strongly from the total Al concentration in soil solution.

9.3 Heavy metals in forest soils

From anthropogenic inputs, some heavy metals have been shown to

accumulate initially in the organic layer of forest soils. This is due to the high

binding potential and the stability of bonds formed between heavy metals and

the ligands found in organic matter, such as carboxylate, amide and hydroxyl
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Figure 9.4 Modelled speciation of Al in the soil solution of a podzolic soil.
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groups; see Table 9.7 for an example. The table shows the concentration of heavy

metals in the soil profile of a mixed hardwood forest in Ontario, Canada, which

has undergone soil acidification due to atmospheric pollution. This is often

the case for metals such as As, Cd, Mn, Pb and Zn; these have the highest

concentrations in the LFH horizon. However, some metals were at their

highest concentrations in the B horizon (Co, Cr and V) and two metals (Cu and

Ni) had higher concentrations in both the LFH and B horizons than the Ae

horizon. The site of accumulation is dependent upon the movement of metals

within the soil profile.

The strong relationship between Pb accumulation and organic matter can

also be seen in Figure 9.5. The figure shows that for two tree species, Acer

saccharum and Pinus strobus, the concentration of Pb in the soil follows that of

organic matter measured by loss on ignition (LOI). In many forests affected by

long-range air pollution, considerable concentrations of Pb can accumulate

in the organic horizons. In remote forest areas in both the eastern USA and

Germany, Pb concentrations of 200–300ppm or more have been determined. In

southern Norway, Pb concentrations of 200 ppm were consistently found. This is

ten times greater than the 20 ppm found in the mid-latitude and northern sites

further from the sites of emissions. However, isotope analysis of the Pb showed

that even in the remote sites of northern Norway 90% of the Pb originated from

Europe.

The mobility of heavy metals in forest soils differs greatly between metals,

and metals demonstrate two distinct patterns of release and movement in

forest soils. In the first pattern, a crucial role is played by soluble organic

acids, predominantly humic substances, released during mineralisation of

organic matter and by root activity. The organic acids are transported through

the A horizon with the percolating soil water. Pb, Cu and Cr are known to form

stable complexes with dissolved organic acids and are transported through the

soil in a complexed form. The amounts that are transported show a close

Table 9.7 Heavy metal concentrations in different soil horizons in a northern

hardwood forest in Ontario, Canada

Metal concentration (mg kg�1)

Soil horizon As Cd Co Cr Cu Mn Ni Pb V Zn

LHF 6.2 1.1 5.6 22 19.3 942 13.3 78 25 73

Ae 4.8 0.4 6.5 26 9.5 381 6.9 30 50 24

B 4.6 0.4 13.8 41 18.9 475 13.5 17 79 54

Source: Data from Landre et al. (2010).
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correlation with the dissolution of organic matter, as shown in Figure 9.5 for

Pb. High biological activity in the mor layer drives mineralisation and release of

low-molecular-mass organic acids and thus the release of these metals from the

organic layer and subsequent transport. Maximum release was found in late

summer and autumn, at high soil temperature and optimal soil moisture. As

the organic acids percolate through the A horizon they become saturated with

Fe and Al and will finally precipitate in the upper part of the B horizon. Most of

the Cu, Pb and Cr released from the A horizon is accumulated in the upper

B horizon of podzols and brown forest soils. In contrast, metals such as Cd,

which form less stable complexes with humic substances, are less dependent on

movement of organic matter. The second pattern is associated with soil acidity

and is important for movement of metals in the minerals soil. A gradual release

of metals from the mineral soil and an increase in soil solution concentration

of metals through the B horizon are characteristic features of Zn, Cd and Ni.

These metals are very susceptible to changes in soil acidity, and soil acidifica-

tion increases the rates at which these metals move down and leach from the

soil profile.

An exception to the basipetal movement of heavy metals is found for

mercury. Mercury is also accumulated strongly in the organic layer and is

transported down the soil profile with organic matter. In addition, Hg can be
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methylated to both mono- and dimethyl Hg, or reduced to Hg� by microorgan-

isms. Both dimethyl Hg and Hg� can be lost form the organic layer via gaseous

emissions.

9.3.1 Soil solution speciation of heavy metals

As for Al, the solution chemistry of heavy metals is complex. Heavy

metals have a wide range of physical and chemical properties, and differ in

preferential binding with ligands. Most heavy metals are cations, and bind

strongly to the organic ligands of the soil organic matter humic and fluvic

substances. In solution, the speciation of heavy metals is controlled by the

availability of negatively charged groups of the humic and fluvic substances to

form complexes. As discussed for the role of organic matter in the buffering of

soil pH, the negative charge on organic matter is strongly pH-dependent. The

speciation of Cu, Pb and Cd in humic-acid-containing solutions from a brown

forest soil is shown in Figure 9.6. For all metals the dominant complexing agents

are humic acids; however, the proportion of metal that forms complexes with

humic acid is metal-dependent. At pH 5.5, c. 90% of the Cu in the soil solution

is complexed with humic acids, but for Cd this proportion is less than 15%.

In addition, heavy metals in soil solution may form complexes with SO4 and Cl

(Cd) or SO4 (Pb and Cu). The difference in the amount of metal bound to humic

acids is a result of the strength of the complexes formed. The stability of the

bond between humic acids and metals decreases in the order: Cu ~ Pb >> Cd. As

a consequence, the amount of free metal cation, Cd2þ, Pb2þ or Cu2þ, increases in

the soil solution inversely to the amount bound to humic acids. Thus, whereas

for Cd the free metal cation is 70%–80% of the total Cd concentration, it is less

than 5% for Cu. The relative importance of humic acid complexation on the

speciation increases greatly with increases in pH, but also with the concentra-

tion of humic substances. For this reason, the speciation of heavy metals will also

change with soil depth.

9.4 Loss of base cations

Soil acidification results not only in a lowering of cation exchange

capacity and release of Al into the soil solution, but also in the loss of base

cations from soils. The level of base cations decreases in soils when their removal

in seepage water, precipitation with anions of strong acids such as H2SO4 or

HNO3, or removal via uptake by biomass exceeds their replenishment via mineral

weathering. Whereas in forests in the northeastern USA most emphasis has

been placed on the increased depletion of Ca from soils, in European forests

depletion of both Ca and Mg is of major significance. In spruce–fir stands in the
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northeastern USA, rates of leaching of Ca in forests affected by acid deposition

were estimated to be approximately double natural leaching rates. In the north-

eastern USA, a decrease in the capacity to supply base cations has been taking

place for the past 70 years. This is evidenced by a decreased cation exchange

capacity of the humus layer, and reduced retention and availability of Ca in this

layer. For a number of sites in Germany, loss of nutrient cations and a decrease

in base saturation have been reported. Tyler et al. (1987) found that the

weathering rates of the minerals in the soil of Skåne in southern Sweden were
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unable to balance rates of acid input. They estimated that half the Ca, Mg and

K formerly present in south Swedish soils in 1948–1953 had been replaced by

H and Al in 1958.

Calculation of a mass balance of the inputs and export of elements from forest

ecosystems has often been used as an approach to determine changes in base

cation stocks in forest soils. One of the longest running and best documented

examples of this is at Hubbard Brook, New Hampshire, USA. Likens and Bormann

(1995) have measured the concentrations of elements present in wet and dry

deposition and in the soil water draining from a hardwood forest at Watershed 6

continuously since 1963. The input of elements in wet and dry deposition and in

the soil solution, and the losses via the outlet stream from Watershed 6 for two

periods, 1963–1974 and 1992–1993, are shown in Table 9.8. In both the measure-

ment periods, Ca export in the outlet stream exceeds Ca inputs in dust and rain

by a factor of 6–7. A similar relationship can be seen for Mg, but not for K. This

demonstrates a net loss of Ca and Mg from the ecosystem. In contrast, the proton

inputs are retained in the experimental ecosystem, where proton inputs are a

factor of 7–9 times greater than proton losses. Al is also lost from the ecosystem

in the stream water, together with sulphate, as the exports of both exceed the

Table 9.8 Flux of ions in precipitation and in the outlet stream of watershed

6 at Hubbard Brook

Flux 1963–1974 (mol eq ha�1 yr�1) Flux 1992–1993 (mol eq ha�1 yr�1)

Deposition Stream output Deposition Stream output

Cations

Ca 108 684 44 351

Mg 48 257 25 165

K 23 48 15 37

Na 69 315 63 259

Al — 208 12 286

NH4 161 19 167 15

H 969 103 720 107

Total cations 1378 1634 982 1220

Anions

SO4 799 1120 556 863

NO3 317 275 358 32

Cl 198 141 78 93

Total anions 1314 1536 992 988

Source: With permission from Tomlinson (2003); data from Likens and Bormann (1995).
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inputs. Based upon isotopic evidence, it was shown that much of the SO4

entering the ecosystem through atmospheric deposition cycles through vegeta-

tion and microbial biomass before being released to the soil solution and stream

water. Both ammonium and nitrate are still retained in the ecosystem. This

suggests that nitrogen is still being used for growth and has not reached satur-

ation (see Chapter 10). The negative charge loss through the export of anions,

primarily as sulphate, is insufficient to balance the total positive charge lost

through cations, primarily as Ca, Mg, Na and Al. As the charge balance has to be

maintained, these observations suggest that the cations leave the ecosystem in

the form of sulphates, hydroxides and on negatively charged humic and fulvic

acids. The export of base cations (Ca, Mg, K and Na) is strongly related to the

export of strong acids (Likens et al. 1998).

Tomlinson (2003) calculated the loss from the soil and the movement of Ca

into biomass and stream water in Hubbard Brook (Table 9.9). Between 1965 and

1992, the rate of depletion of the Ca inventory in the soil decreased; it peaked in

the period 1965–1977. The Ca in the soil is lost to the stream water, but is also

taken up by the biomass of the stands. The decrease in uptake to the biomass is

due to a decreasing growth of the stands. In this and many other studies, the Ca

entering the soil from weathering can only be estimated. Clearly, determination

of the weathering rate is critical for estimating the sensitivity of soils to acidifi-

cation and the rates at which soils can recover from acidification, but

weathering rates can currently only be poorly estimated.

However, there is also evidence to suggest that factors other than inputs

of strong acids may be important in the depletion of Ca reserves in the soil.

Hamburg et al. (2003) investigated another watershed at Hubbard Brook and

could show increased loss of Ca from young forests, as well as evidence that

Ca cycling is faster in younger than in older stands. They suggest that after

Table 9.9 The changes over time in Ca depletion in the soil through loss to stream

water and uptake into biomass at watershed 6, Hubbard Brook, New Hampshire, USA

Units 1965–77 1977–82 1982–92 1992–93

Ca depletion from soil kg ha�1 yr�1 25.5 16.2 6.4 —

Ca taken up by biomass kg ha�1 yr�1 17.2 10.5 2.2 —

Ca loss to stream water kg ha�1 yr�1 12.9 9.6 7.8 7.0

Live biomass formed kg ha�1 yr�1 � 103 4.9 5.0 0.6 —

Ca from weathering kg ha�1 yr�1 2.5 2.5 2.5 2.5

Ca deposition kg ha�1 yr�1 2.0 1.3 1.0 —

Source: Adapted from Likens et al. (1998) and Tomlinson (2003).
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clearcutting, the young trees of the regenerating forest (<30 years old) mobil-

ise Ca from silicate minerals via ectomycorrhizal associations. The amount of

Ca mobilised exceeds the requirement of the trees and some is lost from the

ecosystem in stream water. In addition, a large amount of Ca is removed

from the mineral soil and incorporated into the organic layer of the forest

floor as biomass and necromass accumulates as the forest grows. They fur-

ther suggest that part of the decline in Ca attributed to soil acidification

could be accounted for by simple ageing of the forest and slowing of Ca

cycling. Although these results have as many caveats as attempts trying to

link Ca depletion to soil acidification, they are not without significance, as

owing to planting booms in the 1950s many European conifer forests have a

similar age structure.

However, there are examples where the effects of acid deposition on soils can

be seen unequivocally. An example of this was shown in the Ore Mountains in

eastern Germany. The Norway spruce forests of the Ore Mountains have been

strongly affected by very high acidity inputs from former East Germany, Poland

and the then Czechoslovakia in the 1960s and 1970s.

The strong acid anions of SO4 and NO3 dominate the chemistry of both the

throughfall and the soil solution. As discussed earlier, the inputs of SO4 and NO3

in throughfall greatly exceed those in the above-canopy precipitation. The SO4

concentration increases in the soil solution at 60 and 100 cm, compared with

20 cm. The increase in acidity from protons is transferred to the Al buffer system,

precipitation

anions cations

throughfall

soil at 20 cm

soil at 60 cm

soil at 100 cm

spring water

2000 1000 1000 20000
(µeq l–1)

Cl NH4-N HSO4-S NO3-N

Na MgK CaAl

Figure 9.7 The concentration of elements in precipitation and throughfall, as well as

in the soil solution. Reproduced with permission from Raben et al. (2000).
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resulting in a release of Al into the soil solution. The concentration of Al greatly

exceeds the Mg and Ca concentration in the soil solutions, decreasing the Ca:Al

ratio. In the spring water base cations, particularly Ca and Mg, are leached from

the system, accompanied by equivalent fluxes of SO4 and NO3.

9.5 Aluminium accumulation and toxicity

In acid soils, aluminium is one of the major elements inhibiting the

function of plant roots and microbes. Inhibition of root growth and function is

the primary effect of Al on plants (Figure 9.8a). At pH values between 4 and 5,

root growth is inhibited at both 100 and 400 mm Al, but at very low pH (3.2) the

toxicity of Al is lowered owing to higher proton toxicity masking the effects of Al.

In plant roots, Al binds strongly to the negatively charged sites of carboxylate

groups of pectins, which form the cation exchange capacity in the root apoplast.

The radial transport of Al in the apoplast is limited by the endodermis, so that

the cortex cell walls are the major sites of Al accumulation. Much of the current

knowledge of Al toxicity to roots and Al accumulation by tree roots has been

gained in laboratory experiments using nutrient solution cultures; examples

from such experiments investigating the uptake of Al are shown in Figure 9.8. In

Norway spruce (Picea abies), Al accumulation in the apoplast accounts for most of

the Al found in the root (compare Figure 9.8c with 9.8d). In roots of many species

the Al accumulated in cell walls represents up to 90% of the total concentration.

The strong dependence of Al accumulation on the pH of the surrounding solu-

tion is due to the pH dependence of protonation of carboxylate groups in the cell

walls. Thus, similar to that discussed for soil organic matter, the cation exchange

capacity of roots is pH-dependent.

The distribution of Al in plant cells is important for the understanding of

the mechanism of action of Al toxicity. Both apoplastic and symplastic mech-

anisms have been suggested. The Al concentration also differs in root regions:

root tips often contain the highest concentrations of Al (Figure 9.8e). An

example of this is shown in roots of Picea abies seedlings with Al supplied at

different pH values. The differences in the accumulation of Al along the root

suggest a change in the properties of the cell walls. As roots mature and the

cell walls become lignified, the relative proportion of pectin in the cell walls

decreases. The small amount of Al in the symplast, relative to the amount

that accumulates in the apoplast, results in a low transport of Al to the

shoots. As a consequence the Al concentration in the roots exceeds that of

the foliage by a factor of 12–20 (compare Figure 9.8b with Fig 9.8c). The large

differential between the Al concentration in roots and needles demonstrates

how poor an indicator foliage Al concentrations are for assessing Al stress,
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but also that the effects of Al on the whole plant are primarily due to the

effect of Al on roots. Owing to Al inhibition of primary and lateral root

growth, the growth of root systems is strongly reduced.
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Figure 9.8 The effect of Al and pH on root growth (a), Al concentration in needles (b),

aluminium concentration in total root Al (c) and in Al in root cortical cell walls

estimated by X-ray microanalysis (d) of Picea abies seedlings grown in nutrient

solutions of 0, 100 or 400mm Al at various pH values. The total Al concentration of the

roots and that of the cortical cell walls is highly correlated (r2 ¼ 0.87). Panel (e) shows

the Al contents in different root sections in seedlings grown at 400mm Al. Redrawn

from Godbold and Jentschke (1998).
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Despite extensive investigations, the mechanism of Al inhibition of root

growth is still not fully elucidated. Cell elongation and cell division are both

rapidly inhibited by Al. Although it could be shown that Al binds directly to DNA,

the effect of Al on cell division has been suggested to be primarily an indirect

effect. Similarly, no consistent effect of Al on the plasma membrane has been

shown. In several investigations, Al blocked calcium channels whereas other

investigations have shown no effect of Al. Similarly, using other markers of

membrane function, no effect on proton efflux was shown in roots whose growth

was already inhibited by Al. Increased K efflux or callose formation has been

interpreted as a change in plasma membrane function. Thus, although Al can

influence membrane function, the exact mode of action remains inconclusive,

and there may be species-specific differences. In plants a common reaction to a

number of stresses such as heavy metals, toxic gases and pathogens is the

induction of anti-oxidative stress enzymes; these enzymes have also been shown

to be triggered by Al exposure. Cell elongation is inhibited within hours of

exposure to Al. Accumulation of Al in the apoplast has been suggested to be a

primary step in Al toxicity. The Al accumulation shown above results in displace-

ment of divalent cations from the apoplast. Owing to the displacement of Ca and

Mg the properties of the cell wall are changed, resulting in inhibition of cell

elongation.

Exposure of roots to Al leads to a reduction in the concentrations of nutrients,

particularly Ca and Mg, in leaves and needles of a number of tree species. In

addition, strong correlations between pH and Al have been shown. Low pH

reduces the concentration of Ca in spruce needles, but does not reduce the

concentration of Mg. Addition of Al further reduces Ca concentration in needles

at all pH values, whereas only at pH 5 is an effect seen on Mg concentration; at

this pH value, Al13 hydroxy species form. Both inhibition of Mg and Ca uptake at

the plasmalemma and displacement of Ca and Mg in the apoplast have been

suggested as mechanisms that may explain inhibition of divalent cation uptake

by Al. Calcium is important in cell physiology because of its role in the synthesis

of new cell walls by stabilising pectate, and as a secondary messenger. However,

it is unclear to what extent displacement of Mg and Ca in cell walls is responsible

for inhibition of Mg and Ca uptake. Calcium is also used in the mitotic spindle

during cell division, it bridges phospholipids and proteins in the plasmalemma

and it is of crucial importance for the functioning of calmodium, which plays a

major role in membrane-bound enzyme functions and phytohormone control.

Thus, it is reasonable to assume that a decrease in root Ca:Al ratio, due to

decreased Ca and increased Al, could rapidly influence root physiological func-

tions and root morphology as a consequence of unbalanced nutrient uptake and

tree nutrient status.
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9.5.1 Aluminium activity and speciation

The toxicity of Al to plants can be regulated by a number of factors, both

biological and chemical. In common with most metals, the activity of the metal

in solution rather than the total concentration of the metal in solution better

describes the toxicity of Al. The activity of the metal will depend upon the

number of inorganic and organic ligands in solution. This is particularly import-

ant in comparison of solution chemistry, where in nutrient solutions high

concentrations of inorganic ligands (PO4, SO4), or in soil solutions high levels

of organic ligands (humic and fulvic acids), will result in the activity being

considerably lower than the total concentration in solution.

The activity of metals in solution can be further divided into toxically active

metals and less or non-toxically activemetal species. This is particularly the case for

Al, which at the pH ranges found in acid soils exists in a range of different species.

As the pH value increases in the range 3–5, the Al species Al3þ is partly replaced by

monomeric Al-hydroxy species in the order AlOH2þ, Al(OH)2
þ and Al(OH)3

0, until at

higher pH values polymeric Al13 forms. Within the soil profile, the pH and alumin-

ium concentration in the soil solution vary considerably with depth. Not only are

there pH gradients within different soil layers, but also the pH of the rhizosphere

and rhizoplane may differ from that of the bulk soil by up to 2 pH units as a result

of mineral nutrient uptake. The pH strongly influences the speciation of Al in

solution, and is an important factor when considering the toxicity of Al to roots.

Even small pH changes in the pH range from 3 to 5 can alter the Al species in

solution, leading to distinct changes in Al phytotoxicity. The most toxic forms of Al

are Al3þ, predominant at pH values lower than 4.2, and Al13, predominant at pH

values greater than 5. In Picea abies both Al3þ and Al13 inhibited root growth, with

Al13 forming in the apoplast. However, as equilibrium models predict that the

species of Al and the pH at the root surface may fluctuate considerably, this makes

rhizotoxic species of Al difficult to identify. Anions and organic matter also affect

the toxicity of Al. In crop plants, whereas AlF was shown to be toxic, Al2(SO4)2 was

not toxic. The relevance of these findings for trees is currently unknown. However,

for all plant species the toxicity of Al can bemasked by soil organicmatter content,

as Al bound to humic and fulvic acids is considered to be non-toxic.

9.5.2 Base cations

The ionic strength of nutrient solutions has been shown to modify the

toxicity of Al, possibly owing to changes in Al activity. Cations reduced the toxicity

of Al in the order Ca>Mg>¼ Sr>> K¼Na. The amelioration of Al toxicity by base

cations, especially Ca andMg, has led to the development of a number of indices to

describe the interaction of Al and base cations. These range from simple ratios of

molar concentrations of Al/Ca to more complex indices, which include all
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monomeric Al species. An ameliorative effect of cations on Al toxicity, in particu-

lar Ca and Mg, has also been shown in a number of tree species. Inhibition of root

growth by Al was found to be reduced by Ca in Picea abies, Fagus sylvatica, Quercus

rubra, Salix viminalis and Gleditsia tricanthos. Using Ca:Al ratios in soil solutions and

tree foliage and roots, Cronan and Grigal (1995) defined critical values at which Al

toxicity becomes apparent. In a review of c. 300 references they estimated a 50%

risk of impacts on growth or tree nutrition at Ca:Al molar ratios of 1, and a 75%

risk at Ca:Al molar ratios of 0.5 in soil solutions. This study provides a useful tool

for estimating the impact of Al on trees as a function of changing Ca:Al ratios. Table

9.10 classifies tree species according to their sensitivities to different ranges of Al

concentrations in soil solution. In trees with intermediate and high tolerance,

nutrient effects become visible at lower Al concentrations than biomass effects.

The lower Al concentration inducing changes in nutrient status is probably also the

concentration at which changes in root morphology begin. Adverse effects on

biomass growth occur at higher Al concentrations, particularly in the tolerant

species.

9.6 Heavy metal effects on trees

Heavy metals also inhibit growth of roots and uptake of nutrients. The

mechanism of action of heavy metals, as for Al, is not fully known. Heavy metals

differ greatly in toxicity, but in almost all cases it is the availability of the free

Table 9.10. Response of tree seedlings, grouped according their sensitivities to

aluminium in soil or nutrient solution

The response is expressed by changes in either nutrient status or growth

inhibition.

Sensitivity group

Nutrient effect

Al (mm)

Growth effect

Al (mm) Species

Sensitive 0.04–0.1 0.04–0.1 Gleditsia triachantos, Picea abies, Picea

glauca, Populus sp., Prunus persica

Intermediate 0.18–0.5 0.18–1.0 Acer saccharum, Fagus sylvatica, Picea

abies, Picea mariana, Picea rubens,

Pinus taeda

Tolerant 0.5–1.1 1.1–3.5 Abies balsamea, Betula pendula, Fagus

grandiflora, Picea sitchensis, Pinus

radiata, Pinus sylvestris,

Pseudotsuga menziesii, Quercus

rubra, Thuja plicata, Tsuga

heterophylla

Source: With permission from Vanguelova et al. (2007).
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cation that determines the degree of toxicity. Thus, as discussed above for Al,

complexation to organic matter such as humic and fulvic acids decreases the

toxicity of heavy metals. Many heavy metals, however, form very toxic complexes

with methyl and ethyl groups, an example of this being methyl mercury (CH3Hg).

For Hg, methylation increases its toxicity 100-fold. In forest soils, methylation

can occur both from biological activity and chemically via organic matter. The

order of toxicity of heavy metals tends to be CH3Hg > Hg > Pb > Cd > Cd > Zn.

For most heavy metals the principal site of accumulation is in the roots, an

exception being Mn, which accumulates in conifer needles. As shown previously

for Al, the concentration of elements such as Hg, Pb, Cu and Zn in roots greatly

exceeds that found in aboveground tissues. Pb and Cu accumulate strongly in

cell walls and have been shown to affect both root elongation and cell division.

Pb reduces cell wall elasticity and inhibits the uptake of Ca. In contrast, toxins

such as Hg and CH3Hg rapidly induce damage to membranes; in particular, Hg

has this mode of action. The high lipid solubility of CH3Hg allows rapid uptake

into cells, and inhibition of metabolic processes in the cytoplasm.

In needles and leaves, exposure of the roots to heavy metals decreases the

concentrations of many nutrient elements, but Ca and Mn are of particular

sensitivity. Manganese is important in many enzyme systems in photosynthesis,

and concentrations within needles and leaves have been shown to be affected by

Cd, Cu, Pb and Hg.

9.7 Soil acidity effects on forest ecosystems

In the forests of central Europe and Scandinavia, soil acidification has

been linked to the development of Mg deficiency and tree damage. A common

cause of tree damage in the eastern USA is Ca deficiency. Particularly in the

1980s, there was great concern about the link between soil acidification and

forest damage (Neuartige Waldschäden/New Type Forest Damage). Although clear

links between soil acidification and changes in trees can be shown (as discussed

below), definitive links between soil acidification and large-scale forest damage

have not been unequivocally demonstrated. However, links to large-scale forest

damage have also rarely been shown for any other pollutant or climate change

factor. This is not to say that pollution does not affect forests, but rather that the

interaction between soil, climate and several types of pollution makes showing a

clear link to one factor extremely difficult.

9.7.1 Effects of soil acidity on roots, rooting depth and root growth

Low base cation to Al ratios inhibit the uptake of both Ca and Mg by tree

roots, and also lead to root injury. As discussed above, both the ratio of base
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cations to aluminium and the speciation of Al are important for the toxicity of

Al. Both the base cation:aluminium ratio and the speciation of Al vary greatly

depending on the soil horizon considered. In the example shown for the Ore

Mountains, the ratio of Ca and Mg to total Al in the soil solution decreased

strongly at soil depths of 60 and 100cm, resulting in increased Al toxicity in the

lower soil horizons (Figure 9.8). However, as primarily the Al3þ and Al13 species

are considered to be toxic, the total concentration of Al is unrepresentative of

toxicity, as much of the Al will be complexed by organic matter and thus

rendered non-toxic. The base cation:Al ratios may be lower in the mineral soil

than in organic upper soil horizons, and in addition the amount of Al bound to

organic matter decreases down the soil profile and can result in a limited growth

of roots in the mineral soil. A number of studies have shown reduced root

penetration into deeper soil layers, leading to shallower root systems on acid

soils. This does not mean that the concentrations of Al exceed toxicity thresh-

olds, but rather that root proliferation is lower in soil layers with adverse

chemical conditions. Both adverse physical and chemical conditions in the

subsoil will prevent root growth. Such physical factors are, for example, perman-

ent or periodic waterlogging (Chapter 3) or layers of compacted soil.

To determine the effects of sub-soil acidity on root growth of trees, investi-

gations have been carried out using a number of tree stands to form an acidity

gradient. In the following example the stands were selected because they

differed in their degree of soil acidification (Table 9.11) and were well drained:

none of the soils showed any feature of waterlogging. Physical conditions in the

Table 9.11 Stand characteristics and soil properties of four sites in Germany differing

in soil acidity

Ebergötzen Barbis Fichtelgebirge Harz

Thickness of humus

layer (cm)

2 3 8 10

Base saturation (%)

0–10 cm 19 12 5 4

20–40 cm 73 29 4 —

Sub-soil 89 (75–100 cm) 87 (60–90cm) 14 (>55cm) 6–9 (50–100cm)

Average concentrations (mm) of mineral elements in soil solution (40cm)

Al 30 550 170 63

Ca 670 900 25 42

Mg 150 370 25 25

Ca/Al [mol mol�1] 35 1.6 0.1 0.7

Source: With permission from Jentschke et al. (2001).
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subsoil were favourable for root growth in all stands. The study was conducted in

four pure Norway spruce (Picea abies) stands in Germany. Three of the stands are

located in northern Germany and one stand is located in southern Germany

(northeast Bavaria) in the Fichtelgebirge. The soils were cambisols or cambic

podzols and differed greatly in their chemical properties, especially in

base saturation. Base saturation decreased in the order Ebergötzen > Barbis >

Fichtelgebirge > Harz. Differences in base saturation were most pronounced in

the subsoil. Average Al concentrations in the soil solution at soil depth 40cm did

not follow the pattern of base saturation, as they were highest at Barbis and

lowest at Ebergötzen. Average Ca and Mg concentrations in the soil solution were

highest at Ebergötzen and Barbis and lowest at Fichtelgebirge and Harz. The

Ca:Al ratio roughly followed the pattern of base saturation; however, it was

higher at Harz than at Fichtelgebirge. The trees showed different levels of Mg

nutrition, with needle Mg concentrations in the deficiency range at Fichtelge-

birge and Harz.

At each of the stands, the distribution of fine roots in the soil profile was

determined. The mean amount of root biomass (Figure 9.9a) was highest at the

Harz site, and was primarily due to a higher amount of biomass in the humus

layer. The amount in this layer at the Harz site was more than double that at the

Ebergötzen site. The amount of necromass (Figure 9.9b) in the soil profiles

showed a distribution pattern similar to that of the biomass. The mean necro-

mass amount for the whole profile was highest at the Harz, and was statistically

different from that at Ebergötzen. Again, the amount in the humus layer of the

Harz site was more than twice that of the Ebergötzen site. However, unlike the

biomass, the necromass was also higher in the 0–10 and 10–20cm mineral soil

layers at the Harz compared with Ebergötzen. In the two most acidic sites,

Fichtelgebirge and Harz, particularly in the subsoil layer, the ratio of biomass

to necromass was significantly lower than those found in similar layers in

Ebergötzen and Barbis. The results show that on the sites with subsoil acid, there

are fewer roots in the lower soil horizons and also that the total root biomass is

higher, but restricted to the layers rich in organic matter. A further investigation

showed that the reason for the high amounts of necromass at the acidified sites

was that the roots were dying faster, and thus had higher turnover rates.

The structural root system is responsible for the exploration of deep soil

layers and the stability of individual trees under stress factors such as wind.

The structural root system is formed by the elongation of primary roots. In a

comprehensive investigation of the development of Norway spruce root systems,

Puhe (2003) showed that on acidified soils proportionally more of the structural

roots were in the upper soil profile. This work includes some of the most detailed

investigations in changes in morphology of root systems on acid soils carried out
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Figure 9.9 Fine root biomass and necromass in different soil horizons and the mean of

the soil horizon of four Picea abies stands differing in soil acidity. Mean values of

14 sampling times 1995–1997. Columns within one site with different letters are

significantly different (p � 0.05).
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to date. Figure 9.10 shows the structure of the root system of Picea abies trees

excavated from a non-acidified and an acidified soil. The example shows how on

acid soils the root systems become modified. In acid soils there is an absence of

sinker roots emanating from the horizontal roots. In contrast, the sinker roots

give depth to the root system in the soil with a higher base saturation.

Some of the difficulties involved in interpretation of changes in root biomass as

being due to a single causal agent were shown in a study of fine root development

of Scots pine (Pinus sylvestris) (Vanguelova et al. 2005). The studywas carried out over

two years on a humoferric podzol. During the first year, drought increased fine

root mortality and lowered fine root production. In the second year, rewetting of

the soil greatly increased the concentration of Al in the soil solution, and also

increased the proportion of Al3þ from c. 30% of total Al in the first year to over 60%

in the second year. In the second year the increase in Al resulted in another

increase in fine root mortality. The cause for the sudden release of Al was

increased nitrification and a subsequent decrease in pH of the poorly buffered

soil after the soil was rewetted. After rewetting of soil such ‘acidification pushes’

have been hypothesised to occur, but have rarely been demonstrated.

As discussed above, soil acidity can often result in shallower rooting of trees.

Deep rooting is a feature of trees associated with resistance to drought and wind

stability. The ‘Lothar’ storm on 26 December 1999 caused large-scale forest

damage in Switzerland and blew down almost three times the annual timber

harvest. The maximum wind speeds were up to 249 km h�1 in the Alps. The

damage far exceeded previous wind damage experienced in Switzerland. Analy-

sis of the storm damage in two separate studies showed uprooting to be more

frequent on acidic soils (Mayer et al. 2005) and on soils with a low base saturation

(Braun et al. 2003). In the study by Braun et al. (2003) increased uprooting was

shown for both beech (Fagus) and spruce (Picea) at base saturation below 40%

(Figure 9.11). A base saturation of more than 40% is high for most forest soils. The

study by Mayer et al. (2005), covering southern Germany, France and Switzerland

and using 969 sites, found lower pH values to be the best site variable to explain

storm damage. There was no evidence for misleading correlations with non-soil

variables. The most frequent damage was observed on a mor humus type usually

found on acidic bedrock with a low soil pH.

9.7.2 Chronology of soil acidification

Current data relating to Ca loss suggest that soil acidification has been

taking place for over 60 years. Using a combination of dendrochronology and

analysis of stable isotopes, Drouet et al. (2005) suggest that acidification began

back in the 1880s. In this work, Sr was used as an analogue for Ca to determine Ca

uptake over time, given that Ca and Sr behave similarly in plants. By removing
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wood from the rings in the stems of trees, the uptake of Ca and deposition in the

tree rings could be investigated and Ca uptake followed over time. Using the ratio

of the stable isotope of 87Sr:86Sr, the source of Sr could also be determined. An

isotope ratio of 87Sr:86Sr of above 0.7135:1 is indicative of Sr originating from

weathering of soil minerals, whereas a ratio of below 0.7092:1 is indicative of Sr

from precipitation. The percentage of Sr that originates from precipitation has

increased dramatically since 1880. This is seen in both beech (Fagus sylvatica)

and oak (Quercus robur) growing on soils with a low base saturation (15%–5%) in
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Figure 9.11 The percentage of uprooted trees of Norway spruce and beech in relation

to soil base saturation in Switzerland after the Lothar storm in 1999. Reproduced

with permission from Braun et al. (2003).
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Figure 9.12(a–c), but not in beech growing on soils with a high base saturation

(31%–65%) in Figure 9.12(i,j). A similar pattern of decline is seen for red spruce

(Picea rubens) in New Hampshire, USA (Figure 9.12d), oak (Quercus robur) in

Denmark (Figure 9.12e) and Scots pine (Pinus sylvestris) in Norway (Figure 9.12f).

An explanation of these results is the change in the source of Ca and its effect on

the cation exchange capacity. In the high Belgium forest sites, around 65% of the

soil exchangeable Ca in the B horizon originated from atmospheric inputs. The

steep decrease in the Sr isotope ratio in tree rings can therefore be related to: (1) a

fall of the soil base saturation and of the Ca saturation rate; and (2) amodification

of the Sr isotopic composition of the exchange pool because of an increasing

contribution of cations originating from the atmospheric source. However, this

relationship could also be explained by a decrease in rooting depth, and loss of

exchangeable Ca in the soils, which has proportionally increased the uptake of Ca

by surface roots from surface deposited precipitation. This explanation was used

in a retrospective study of Norway spruce decline in the Vosges Mountains in

France (Poszwa et al. 2003). A similar pattern of decline in the 87Sr:86Sr isotopic

ratiowas shown. This could also be linked to a change in the 13C:12C ratio. Between

1952 and 1976, tree ring 13C:12C decreased strongly and continuously; this, in

addition to other factors, is related to an increase in water stress, again associated

with a more superficial rooting pattern and increased drought stress. Both of

these studies indicate that soil acidification has been occurring since the early

1900s andmay have resulted in changes in rooting patterns withmore superficial

root systems. Such superficial rooting patterns also occur on podzols in forest

unaffected by atmospheric deposition, and may not be a detrimental factor for

tree health as long at the uptake of base cations matches growth rates. However,

such superficial root systems may make trees more susceptible to factors such as

drought (Chapter 3) and windthrow.

9.7.3 Soil acidity and mycorrhizas

Both ectomycorrhizas and arbuscular mycorrhizas are common sym-

bionts of trees in northern forests, whereas arbuscular mycorrhizas and ericoid

mycorrhizas are common symbionts of the ground vegetation (Chapter 3). Con-

sidering the importance of mycorrhizas in forest ecosystems, surprisingly little is

known about the effects of soil acidity on mycorrhizal community structure or

function (reviewed in Cudlin et al. 2007). Ectomycorrhizal fungi grown in pure

cultures, for example on agar, show a preference for the pH of the culture

medium that differs between species and between ecotypes within a species.

The species Amanita crocea, A. vaginata, Hydnum repandum, Hygrophorus pustulatus,

Russula ochroleuca, R. cyanoxantha, R. olivacea, Tylospora sp., Tuber puberulum and

Piceirhiza nigra have been shown to have a relatively low tolerance to acidification
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Figure 9.12 Comparison between Sr isotope signal in tree rings and estimates of

acid deposition since 1820. (a) Mean 87Sr:86Sr ratio in beech tree rings of the

Poursumont stand (POUR), High Belgium. (b) Oak chronology in the same stand.

(c) Beech chronology of the Smuid stand (SMD), High Belgium. (d) Spruce chronology

of Cone Pond watershed, New Hampshire, USA. (e) Oak chronology in the

Stockholm area, Sweden. (f) Pine chronology near Oslo. (g) Estimation of acid

deposition in Germany. (h) Estimates of non-marine SO4 deposition, inferred from the

GISP2 ice core record, unsmoothed (thin line) and smoothed with a 10-point moving

window (bold line). (i) Beech chronology of the Mésanges stand (MES), Brussels,
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and increased availability of Al ions. A higher tolerance to acidification and

increased concentrations of Al ions was shown for Amanita muscaria, Cenococcum

geophilum, Paxillus involutus, Pisolithus tinctorius, Suillus luteus, S. bovinus, S. variegatus

and Xerocomus badius. The difference in tolerance to acidity probably contributes

to a shift in composition of ectomycorrhizal community in forest stands sub-

jected to acidification. In the acidity gradient study described above, where fine

root rooting depth was investigated, on the site with the highest base saturation

(Ebergötzen) Tylospora sp. dominated the ectomycorrhizal community structure,

whereas on the acidified sites of Harz and Fichtelgebirge the dominant species

were Tylospora sp. with Cenococcum geophilum.

Several studies have looked at the effects of experimental soil acidification or

reversing acidification by liming on the ectomycorrhizal community structure.

At the Höglwald research site the effects of experimental soil acidification and

liming were investigated in a Norway spruce forest. Acid irrigation enhanced the

fruiting of Russula ochroleuca, but so did irrigation with non-acidic rain. The

combination of acid irrigation and liming resulted in a large increase in the

fruiting of Hygrophorus pustulatus. A principal components analysis of the spor-

ocarp data showed that soil organic horizon pH may be an important determin-

ant of ectomycorrhizal community structure.

In another long-term liming experiment in France, liming showed a different

influence on the community, estimated by using sporocarps or root tips (see

Chapter 4). Based on the sporocarp inventory, liming reduced the abundance of

some acidophilic and mesoacidophilic species, and this decrease was compen-

sated for by the generalist species Clavulina cristata and to a lesser extent Laccaria

laccata. The appearance of generalist fungi was correlated with the development

of new ecological niches, characterised by higher pH and exchangeable Ca, Mg

and Mn concentrations. Based on the root tip inventory under spruce and beech,

the acidophilic species Russula ochroleuca and Hygrophorus olivaceoalbus were less

common in the limed plots, where the generalist species Clavulina sp. and

Lactarius subdulcis were present and strongly dominant.

Caption For Figure 9.12 (cont.) Central Belgium. (j) Beech chronology of the Comte de

Flandre stand (CTE), Brussels, Central Belgium. Symbol (#) indicates an SE bar smaller

than the symbol size; n is the number of individual tree measurements by date (grey

squares) and/or the number of samples constituting a composite sample (white

circles). White triangles represent measurements of foliar samples. The grey circle in

(d) indicates a single tree sample. Vertical dotted lines enclose the time scale of rapid

evolution of the Sr isotope ratio. Note the difference in scale for the Sr isotope ratio.

All chronologies are displayed on the same time axis (1820–2000). Roman numerals

indicate the estimation of Ca percentage derived from the atmospheric source.

Reproduced with permission from Drouet et al. (2005).

1939.7 Soil acidity effects on forest ecosystems



In ameta-analysis of acidification and liming experiments (Cudlin et al. 2007) the

conclusion was drawn that in general acidification did not reduce the degree of

mycorrhization of tree roots in forests. On all plots almost 100% of fine root tips

were colonised by ectomycorrhizas; however, the total number of ectomycorrhizal

root tips per soil volume and the number of morphotypes were both reduced.

In addition, the life span of ectomycorrhizas was lower and hence the turnover

ratewas higher, and the ratio of dead and dying to fully active growingmycorrhizas

was increased in acidified soils, when compared with untreated or previously

limed plots.

9.7.4 Recovery from acidification

Since its maximum in the late 1970s, the deposition of sulphur has

decreased throughout Europe and North America. This is in part due to the

enactment of clean air regulations, but in Europe also due to the decline of

heavy industry in Eastern Europe after the collapse of the Communist regimes.

This has led to an increase in the pH values of many ecosystems. In the UK, as

shown in Table 9.12, there has been an increase in both low- and high-pH soils

since 1971. In experimental investigations of de-acidification, in which rain was

excluded from the soil by a subcanopy, de-acidified to pre-industrial chemistry

rain and re-rained underneath the roof, this has led to an increase in fine root

proliferation in forests, as well as an increase in soil respiration. This response

was, however, shown only after several years of treatment. In the soil solution a

decrease in both Al and NO3 was shown. However, many forest soils still have a

high legacy of stored S, which will remain for many decades and maintain or

increase soil acidification. This S is stored as SO4, and once released results in the

same chemical acidification as newly deposited SO4.

Table 9.12 pH values of soils in woodlands in Great Britain

The soils were surveyed in 1971 and resurveyed in 2005.

Mean soil pH

1971 2005 Mean change in soil pH

Average 4.98 5.31 0.33

By soil pH

<4.5 4.02 4.26 0.24

4.5–6.6 5.16 5.48 0.33

6.6–7.3 6.68 7.17 0.48

>7.3 7.47 8.17 0.70

Source: Data from the UK woodland survey.
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10

Nitrogen

10.1 Nitrogen cycle

Nitrogen is an essential plant macronutrient, constituting a crucial

component of both structural (e.g. lignin) and metabolic substances (e.g.

enzymes). Plants’ requirements for N are higher than for any other macronutri-

ent; for example, the average concentration of N in plants is four times that of

the next most common element, potassium. In many forest ecosystems N is, or

should be, a factor limiting growth. However, this situation has changed in the

past 150 years with advent of N inputs from air pollution and agriculture. Before

industrialisation, new N inputs into ecosystems were derived from atmospheric

deposition and biological fixation, but the relative importance of these sources

has changed rapidly.

Before industrialisation, biological nitrogen fixation was the major source of

N into ecosystems. In forests N is fixed biologically by a number of organisms,

including trees, mosses and soil blue-green algae. Atmospheric inputs were

mainly from N fixation and from natural phenomena such as lightning,

resulting in N inputs of 1–2 kg ha�1 yr�1. Today, even remote forest ecosystems

may have elevated inputs of N. Total inorganic N deposition in or close to the

centres of large industrial activity range from about 3 to 30 kg N ha�1 yr�1 in

North America, 5–75 kg N ha�1 yr�1 in Europe and 8–40 kg N ha�1 yr�1 in China,

far exceeding the natural deposition rate. The highest deposition rates typically

occur in the vicinity of agricultural ‘hot spots’ with large concentration of farm

animals or with intensive fertilisation, industrial facilities with large NOx emis-

sions, zones with high traffic density and – the most important in terms of forest

soils – in zones of fog and droplet formation (Bytnerowicz and Fenn 1996). The

switch from the dominance of biological fixation to that of anthropogenic inputs
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can be seen in the global input rates. In 1860, input from natural processes

was c. 120 Tg N yr�1, and from anthropogenic inputs c. 16 Tg N yr�1. By 2005,

anthropogenic inputs had increased to c. 210 Tg N yr�1 (see also Chapter 11).

Owing to their tall stature and often irregular canopies, forests tend to ‘comb

out’ atmospheric N (and other pollutants) from the passing air mass, often

receiving higher N loading than suggested by emission and transport models.

Most of the global N pool is in the form of unreactive N2 gas. The N that is

biologically available and cycling with ecosystems is termed reactive N (Nr). This

includes the reduced forms of N (NH3 and NH4), oxidised forms (NOX, NO3, N2O)

and organic compounds (urea, amines and proteins). Input into forest ecosys-

tems is, as discussed in Chapter 9, mostly in the form of wet and dry deposition

of HNO3 and NH4 as well as direct gaseous uptake (as part of the dry deposition)

of NH3 and NO2. Owing to controls on air pollution, inputs of sulphur have

greatly decreased (Chapter 9) since the 1980s; in contrast, the deposition of

N has shown little change over this time. There is large spatial variation in

N deposition (Figure 10.3), and in atmospheric concentrations of NH3; this

variation is due to sites of emission but also due to changes in atmospheric

chemistry. The scavenging of NH4 from the atmosphere may be decreasing in

response to the large decline in SO4. In some parts of Europe and North

America, emission reductions of oxidised N are contributing to a stabilisation

or decline in N deposition, but there is currently limited control of emissions of

reduced N, i.e. NH3. In addition, although total deposition is declining linearly

with the decline in emissions, the partitioning between wet and dry deposition

is expected to change. Thus N deposition will continue to be an environmental

problem in future decades.

Impact Ground vegetation changes

Imbalances in tree nutrition

Soil acidification

Improved forest growth

Forest growth curve

Increasing nitrogen pollution

Figure 10.1 A schematic representation of the impacts of increased N deposition

into forest ecosystems. With permission from Gundersen et al. (1998).
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To assess the possible impacts of N deposition on ecosystems, the concept

of critical loads has been developed. This is defined as a quantitative estimate of

an exposure to one or more pollutants below which significant harmful effects

on specified sensitive elements of the environment do not occur according to

present knowledge. This has shown that the severity of effects of N on ecosystems

depends on the following.

(1) The duration, the total amount and the form of N inputs

(2) The intrinsic sensitivity of the plant species present

(3) The soil factors in the system, such as the acid neutralising capacity, soil

nutrient availability, the nitrification potential, and the N immobilisation

rates (based on Bobbink et al. (2010)).

As a consequence there is large variation in the sensitivity of different ecosys-

tems to N inputs. Although these concepts have been developed for all types of

ecosystems they are still valid for forest ecosystems, and the following main

mechanisms are recognised (Bobbink et al. 2010).

(1) Direct toxicity of nitrogen gases and aerosols to individual species. High concen-

trations in air have an adverse effect on the aboveground plant parts

(physiology, growth) of individual plants. For oxidised N, such effects are

only important at high air concentrations near large point sources;

however, damage to forest due to NH3 has been shown in forests close

to farmland.

(2) Long-term negative effect of reduced-N forms (ammonia and ammonium).

Increased ammonium availability can be toxic to sensitive plant species,

especially in habitats with nitrate as the dominant N form and origin-

ally hardly any ammonium. It causes very poor root and shoot develop-

ment, especially in sensitive species from weakly buffered habitats

(pH 4.5–6.5).

(3) Accumulation of N compounds, resulting in higher N availabilities and changes of

plant species interactions. This ultimately leads to changes in species com-

position, plant diversity and N cycling. This effect chain can be highly

influenced by other soil factors, such as P limitation.

(4) Increased susceptibility to secondary stress and disturbance factors. The resist-

ance to plant pathogens and insect pests can be lowered because of

lower vitality of the individuals as a consequence of N-deposition

impacts, whereas increased N contents of plants can also result in

increased herbivory. Furthermore, N-related changes in plant physi-

ology, biomass allocation (root:shoot ratios) and mycorrhizal infection

can also influence the susceptibility of plant species to drought or frost.
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(5) Soil-mediated effects of acidification. This long-term process, also caused by

inputs of sulphur compounds, leads to a lower soil pH, increased leach-

ing of base cations, increased concentrations of potentially toxic metals

(Al3), a decrease in nitrification and an accumulation of litter. (See

Chapter 9.)

(6) Export of NO3 with seepage water. The N accumulated in the ecosystem

exceeds the storage capacity (N saturation) and N is lost as NO3.

Whereas in the above scheme point (1) considers direct toxicity of N gases and

point (2) concerns the specificity of the N forms, points (3–5) consider the long-

term effects of N accumulation on forest health. Gundersen et al. (1998) summar-

ised the effects of increasing N deposition on forests as shown in Figure 10.1. The

scheme shows that a progression of effects of N enrichment can be expected.

Initially, N is used for growth, as most natural systems are N-limited. At this

stage, the N deposited into the ecosystem is fully used in growth and no enrich-

ment of the soil occurs. If deposition exceeds the utilisation of N for tree growth,

and an increase soil N availability results, changes in ground vegetation to the

advantage of nitrophiles occur. As discussed below, similar effects have also been

shown for changes in the ectomycorrhizal community structure with N addition.

A further increase in N availability can result in imbalances in tree nutrition;

when this occurs, forest growth may be detrimentally affected relative to that
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Figure 10.2 Plots of cumulative stem volume gain (including wood removed in

thinning) in treatments N1–N3 in excess of the control, N0. Initially, the rate of

additions were in the order N3 > N2 > N1 > N0. N3 1970–1990, 2000 kg N ha�1, N2 2/3

and N1 1/3. With permission from Hogberg et al. (2006).
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under optimal N nutrition. Trees can accumulate N in excess, leading to deficien-

cies in other nutrients and increased susceptibility to insect attack and drought.

Finally, N reaches a level at which inputs to the forest ecosystem are in excess of

both biological demand and the storage capacity of the soil, and N will begin to

‘leak’ out of the soil below the rooting zone, a point known as ‘nitrogen satur-

ation’. Nitrate leakage from the soil profile results in loss of base cations and soil

acidification, as discussed in Chapter 9.

10.2 Tree growth and biomass allocation

The effect of N on forest growth has been studied using natural gradi-

ents, by experimental addition of N as fertilisers, and by removal of N using sub-

canopy roofs. Nitrogen addition manipulations have often added high amounts

of N, giving a several-fold increase in background deposition. Tree growth, shown

as stem volume accumulation in Figure 10.2, initially increases when N availabil-

ity increases, as does microbial activity and organic matter decomposition. At

high levels of N deposition, however, most or all of these processes decline.

Continuing N deposition, however, eventually leads to decreasing soil microbial

biomass, decreasing microbial activity and lower fungal biomass (Wallenstein

et al. 2006).

To estimate the effects of backgroundN deposition on forest growth, long-term

monitoring plots have been used (Figure 10.3) (Solberg et al. 2009). This study

showed a positive relation between higher than expected volume increment and

Figure 10.3 N deposition and relative growth of trees in European monitoring plots.

With permission from Solberg et al. (2009). (See colour plate.)
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N deposition, combined with higher summer temperatures for Norway spruce

and Scots pine. The fertilising effect of N deposition resulted in a 1% and 1.9%

increase in site productivity per kg of N deposition for Scots pine and Norway

spruce, andwas highest at the N-deficient sites i.e. plots with high C:N ratios in the

upper soil layer. Similar values were obtained for beech and oak. The ability to

show such small but significant changes in growth is reliant on data from a large

number of sites: in the above work, Solberg et al. (2009) used data from 363 plots.

It is well known that in crop plants addition of N can result in changes in root

to shoot ratios; however, demonstration of this in forest stands is extremely

difficult. Nitrogen uptake in plants has an associated cost for fine root construc-

tion in the form of uptake and maintenance respiration, and thus an optimal

allocation and balance between plant C:N should be reached. Mäkelä et al. (2008)

modelled the response of Norway spruce and Scots pine in boreal forest to

increased N availability (Figure 10.4). For both tree species, foliage production

increased in excess of the stimulation shown for fine root production, and as a

consequence the foliage to root ratio changed as N availability increased. The

slope of this relationship is steepest where N is so readily available that light

becomes limiting as the canopy develops. This work suggests that as N becomes

Figure 10.4 Modelled estimates of (a) the foliage and fine root densities that maximise

productivity at increasing N availability for Pinus sylvestris (solid line) and Picea abies

(dashed line), and (b) the corresponding foliage to fine root ratios. With permission

from Mäkelä et al. (2008).
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more available, the amount of foliage will increase relative to the fine roots, with

potential consequences for the supply of water.

Although such modelling studies are only predictive, there are empirical data

to support changes in the amounts of fine roots under increased N availability.

Using data collected from a number of sites, it has been shown that fine root

biomass decreased with increasing N availability (decreasing C:N ratio) for Scots

pine in the soil organic layer. Similarly, in a study along a latitudinal gradient

from South to North Finland, in Norway spruce a relationship between change in

the ratio of ectomycorrhizal root tips to needle biomass and the C:N ratio of the

organic layer was shown. This result again indicates that as the availability of

N increases the relative amount of fine root and number of root tips supplying

the foliage decreases. However, this result reflects the harsh conditions found in

northern boreal forests resulting in a high C:N ratio in the organic layer, and a

greater root requirement for nutrient uptake, rather than a negative effect of

N input. However, it demonstrates that higher N availability may result in higher

foliage to fine root ratios. Higher foliage to fine root ratios, however, are not

per se necessarily negative.

Nitrogen addition or removal experiments have been used to assess the pos-

sible negative effects of high N deposition. Many European N addition experi-

ments have resulted in either a positive or a neutral response in tree growth. Table

10.1 summarises the results of one of the largest European projects, NITREX. Only

at one site – Yesselsteyn, where N was removed with a roof – was a 50% improve-

ment in wood accumulation rate demonstrated. This was related to a change in

mycorrhization and an increase in the base cation to Al ratio, i.e. a reverse of

acidification, and an increase in the availability of potassium and magnesium, as

reflected in foliar K:N and Mg:N ratios. However, all sites showed a change in the

amount of NO3 leaching from the soil profile after the N inputs were altered. The

analysis shows that in areas with acidic soils and already high N deposition,

further N fertilisation may result in a decrease in tree growth.

Wood accumulation rates declined in a heavily polluted spruce forest in the

French Ardennes, following an addition of a large amount of N (100 kg N ha�1 yr�1

as NH4NO3) over three years. A decline in tree growth rate has also been observed in

the Skogaby experiment in Sweden in response to N additions. Initial increases in

tree growth in response to N inputs of 100 kg N ha�1 yr�1 as ammonium sulphate

were observed, although this led to increased soil acidification as shown by a

reduction in the base cation to Al ratio in the soil solution. However, a decline in

wood production rates was shown after ten years of addition (Figure 10.5).

A long-term application of N seems to be a common feature required before

strong effects on growth of trees are seen. However, once these effects occur

they can be dramatic. At Harvard Forest, USA, 50 (low N) or 150 (high N) kg N
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å
rd
sj
ø
n

Pi
ce
a
a
bi
es

1
1

5
1

ye
s

n
o

n
o

n
o
/y
es

n
o

K
lo
st
er
h
ed

e
Pi
ce
a
a
bi
es

2
3

5
8

ye
s

ye
s

n
o

–
/–

n
o

A
b
er

Pi
ce
a

si
tc
h
en
si
s

1
4

5
2

ye
s

n
o

n
o

n
o
/–

n
o

9
1

ye
s

n
o

n
o

n
o
/–

n
o

S
o
ll
in
g

Pi
ce
a
a
bi
es

3
6

<
5

ye
s

n
o

n
o

n
o
/n
o

n
o

S
p
eu

ld
Ps
eu
d
ot
su
g
a

m
en
zi
es
ii

5
0

<
5

ye
s

n
o

n
o

n
o
/–

n
o

Y
ss
el
st
ey
n

Pi
n
u
s

sy
lv
es
tr
is

4
5

<
5

ye
s

ye
s

ye
s

ye
s/
ye
s

ye
s

So
u
rc
e:
D
a
ta

fr
o
m

B
o
x
m
a
n
et

a
l.
(1
9
9
8
).

202



ha�1 yr�1 as NH4NO3 was added to a hardwood stand and a red pine (Pinus

resinosa) stand for over 15 years, starting in 1988. The hardwood stand was

dominated by black and red oak (Quercus velutina, Quercus rubra) with varying

amounts of black birch (Betula lenta), red maple (Acer rubrum), American beech

(Fagus grandifolia) and black cherry (Prunus serotina). A decline in tree growth

rate was observed in the even-aged Pinus resinosa stand at both N application

levels, but at the same time there was an increase in total growth of the mixed

hardwood stand. By 2002, biomass accumulation completely stopped in the

Pinus resinosa stand and a high tree mortality occurred, which reached 56% in

the high-N plot. The obvious nature of this effect is shown in Figure 10.6. The

high-N hardwood stand showed increased annual net primary productivity,

but after a severe drought in 1995 there was a mortality of 72% of the Acer

rubrum trees by 2002. The different response to N additions in the two stands

was related to land use history and the effect of this on soil N retention

capacity, and thus the potential for nitrate and associated base cation leach-

ing. However, the study also shows that in mixed species stands N addition can

change the stand composition.

The highest N addition used at Harvard Forest is greatly in excess of the

8 kg N ha�1 a�1 background deposition found in this area, and may be unrepre-

sentative of realistic conditions. However, in a study in the spruce-fir stands of

New England, a trend towards increased mortality and a change in recruitment

of different species following additions of as little as 20 kg N ha�1 a�1 was

observed (Figure 10.7). Furthermore, there was a switch in net tree growth from

an initially neutral or positive response in 1991 to a decline in 1994 after several

years of N applications. This decrease was driven by a strong decline in balsam

fir (Abies balsamea) at 19.8 kg ha�1 yr�1 N addition and red spruce (Picea rubens)

at 31.4 kg ha�1 yr�1. This study supports the hypothesis that, in mixed species

stands, N addition can change the stand composition.

Figure 10.5 Change in basal area in response to 100 kg N ha�1 a�1 additions of

ammonium sulphate to a spruce stand at Skogaby, Sweden. Redrawn from Bertills

and Näsholm (2000), with permission from Emmett (2002).

20310.2 Tree growth and biomass allocation



Figure 10.6 Changes in canopy cover in a Pinus resinosa stand after 15 years of

N addition: control (top), 50 (middle) and 150 (bottom) kg N ha�1 a�1 additions. With

permission from Magill et al. (2004).

204 Nitrogen



10.3 Changes in ground vegetation

Although changes in tree biodiversity due to N addition have only been

shown in a few examples, changes in ground vegetation have been shown in

both chronological and N addition studies in both boreal and temperate forest

(Bobbink et al. 2010). Boreal forests are characterised by a short growing season,

cold temperatures and low nutrient supply. As discussed earlier, natural inputs

of N are in the range of 1–2 kg ha�1 yr�1, of which equal proportions are from

atmospheric inputs and biological fixation, mainly by the bryophytes. Current

loads of N deposition to boreal regions in northern Europe are in the range of

1–2 kg ha�1 yr�1, and even these low amounts seem to be capable of changing

plant species composition, diversity and ecosystem functioning.

Bryophytes form an important ground layer in many boreal forests, and are

considered to be highly sensitive to N pollution, as they strongly retain N inputs.

As little as 10 kg ha�1 yr�1 results in a decline in dominant species, such as

Hylocomium splendens, in nutrient-poor habitats, and an increase in species nor-

mally found on more fertile habitats, such as Brachythecium spp. and Plagiothecium

spp. In vascular plant species, N addition also results in shifts in species compos-

ition of the understory vegetation with a proliferation of relatively fast-growing

grasses, sedges and herbs replacing the more slow-growing dwarf shrubs. Many

of these changesmay be due not only to N addition but also to the formofN added.
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In most boreal forest, as mineralisation is slow, the dominant form of available

N is as NH4 and organic N such as amino acids. These forms are readily utilised by

both the trees and shrub ground vegetation, or their respective mycorrhizas.

These species are not adapted to taking up and reducing NO3. In contrast, many

grass species have high levels of activity of the enzyme nitrate reductase and can

readily utilise NO3. Atmospheric inputs of N into boreal forest ecosystems consist

of more or less equal portions of NH4 and NO3, and in coastal areas NO3 may even

dominate, providing the grasses with a strong selective advantage.

In boreal forests, N addition results in species composition changes but does

not change species richness. In contrast, in temperate forest, changes in species

richness have been shown. In most temperate forest types the vegetation layer is

the most diverse stratum. A general pattern of response of the vegetation layer to

N addition has been identified (Gilliam 2006). The initial response is an increase

in cover as N availability increases. At higher levels of N availability, there is a

decrease in species richness (Figure 10.8) from loss of species adapted to low

N availability, and a decrease in species evenness from increasing dominance of a

few nitrophilic species. This results in a loss of biodiversity from decreases in

richness and evenness.

In the Harvard Forest experimental N addition, the density and biomass for all

herb-layer species declined by 80% and 90%, respectively, with a strong decline in

the dominant species Maianthemum canadense. However, a change in diversity of

the vegetation layer has not always been shown; in N addition experiments in

both the USA and Switzerland no effects were observed.
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There is evidence of N effects on species diversity and composition of

herbaceous layer and epiphytic communities, based largely on field manipula-

tion experiments and on surveys (Emmett 2007). Increases in nitrophilic species

in the vegetation layer caused by increased rates of N deposition have been

recorded throughout Europe, including France, Germany, The Netherlands and

Switzerland. In long-term monitoring studies in British woodlands surveyed

from 1971 to 2001, decreased species richness and increased cover of some

nitrophilous species was found, but these changes could not be solely related

to increase N deposition and were also related to other factors such as changes in

canopy cover, forest management and climate change. In oak forests of southern

Sweden with deposition rates of 7–20 kg ha�1 yr�1 over a 10 yr period an increase

in nitrophilous, acid-tolerant species at sites with higher levels of N deposition

was shown. Nitrophilous species increased, especially in the soil pH range

3.5–5.0, where the total number of species was 20% lower at sites with higher

rates of N deposition.

10.4 Changes in ectomycorrhizal community structure and function

A number of studies have shown a change in ectomycorrhizal

community structure with increasing N deposition. In Europe, there has been a

strong decline in the diversity of macrofungal sporocarps, particularly

for ectomycorrhizas. In a long-term inventory carried out over 21 years

in Switzerland, it was shown that ectomycorrhizal species have decreased com-

pared with saprotrophic species. As discussed in Chapter 4, there is often a

discrepancy between estimates of ectomycorrhizal community structure based

on aboveground sporocarps and those based on ectomycorrhizal root tips. In

assessments of aboveground sporocarps in the Netherlands, a large decrease in

occurrence of a number of species was shown. In mature oak forest on dry, acidic

sand, with high N deposition, species belonging to the genera Tricholoma,

Cortinarius and Suillus (Arnolds 1991) were the most severely reduced, both in

terms of species diversity and sporocarp production. However, the diversity of

different Laccaria, Paxillus and Scleroderma species was not affected. This is

explained by the fact that ‘generalist’ species (such as Thelephora terrestris, Lactarius

necator and Paxillus involutus), which form mycorrhizas with both deciduous and

coniferous trees, did not decrease, but species mainly associated with deciduous

trees decreased, and an even greater decrease was found with species associated

with coniferous trees. Saprotrophic species were not greatly affected. In these

observational studies, although a clear link to air pollution can be shown, they

cannot directly be related to the effects of N deposition.
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In a sub-alpine Norway spruce stand, after 2 years of N addition sporocarp

surveys showed that diversity of the ectomycorrhizal community was

drastically reduced after 1 year of N addition, whereas the saprotrophic

fungal community was not affected. The sporocarp production of four of

the six most dominant ectomycorrhizal species (Russula laricina, R. fuscoru-

broides, Amanita submembranacea and Inocybe grammata) decreased drastically

or even ceased. Russula laricina and R. fuscorubroides have been suggested to be

sensitive to increased N concentrations in several N-deposition studies.

Again, formation of sporocarps by saprotrophic species was unaffected by

N addition.

After 1 year, the impact of N addition on belowground ectomycorrhizal diver-

sity was less pronounced, with no change either in the number of ectomycor-

rhizal taxa or in Simpson’s index of diversity. However, a change in belowground

species composition 2 years after N addition was observed, with significant

changes in abundance of a single species, Russula laricina, which decreased

dramatically. Addition of N caused a shift in ectomycorrhizal abundance on

roots from species forming large sporocarps to species with no or resupinate

sporocarps. There are a number of possible explanations to account for these

changes: perhaps under high N availability, the C supply from the tree to the

fungus is reduced as the plant requires large amounts of C for N assimilation, or

perhaps the fungus itself requires large amounts of C to assimilate N, and hence

uses less C for sporocarp production.

The extramatrical biomass of ectomycorrhizas is a large part of the total

fungal biomass in soil (Chapter 4). In forests dominated by Quercus robur in

southern Sweden, the total fungal biomass in the soil was not influenced by N,

but lower ectomycorrhizal mycelial growth in regions receiving higher

N deposition (10–20 kg ha�1 yr�1) was shown (Figure 10.9). The low amounts

of ectomycorrhizal mycelia covaried with increased NO3 leaching, which sug-

gests that in areas with high N leaching rates growth may be inhibited, but

also that ectomycorrhizal mycelia may play an important role in forest soil

N retention at increased N input. Considerable reductions in ectomycorrhizal

mycelial growth have also been found to coincide with increased NO3 leaching

in heavily fertilised Norway spruce forests. Investigations in beech forest

have also shown that, over winter, large amounts of N are retained in the

ectomycorrhizal extramatrical mycelium (Kaiser et al. 2010). Thus, in forest

unaffected by N, the extramatrical mycelium retains N and prevents

NO3 leaching. If N availability increases sufficiently to greatly increase

C demand for N assimilation, insufficient C is available for mycelium produc-

tion and function and the N retention capability is lost, resulting in NO3

leaching.
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10.5 Increased susceptibility to pathogens and insects

Increased susceptibility to pathogens and insects is considered to be one of

the most important potential ways in which high N deposition could have cata-

strophic effects on forest ecosystems. However, there is very little empirical evi-

dence to support this hypothesis. In boreal spruce forest, damage to the dominant

understory dwarf shrubVacciniummyrtillus frompathogens increased in response to

experimental N additions. A similar pattern was found in a natural gradient of

N deposition, where pathogen damage to Vaccinium myrtillus was more frequent in

areas with higher N deposition. In Scotland, observations from long-termmonitor-

ing plots have shown that in Pinus sylvestris, with increasing N deposition, occur-

rence of insect damage increased (Figure 10.10b) and needle retention decreased

(Figure 10.10a). However, this relationship was found to be both site- and species-

specific. A similar relationship was not found on the same site for either Picea abies

or P. sitchensis. In England, needle retention in Pinus sylvestris increased with increas-

ing N deposition. This difference many be due to differences in site fertility, with

less fertile sites in Scotland being more susceptible to N deposition.

From sites in the USA there is evidence to suggest that N deposition and

associated acidification may make Picea rubens more susceptible to bark beetle

damage.

In the Appalachian Mountains of North Carolina, USA, the levels of acidic depos-

ition are below the critical acid load (CAL) that cause forest damage. The area experi-

enced amoderate three-year drought from1999 to 2002, and in 2001 red spruce (Picea
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rubens) trees in the area began to die in large numbers, killed by the southern pine

beetle (Dendroctonus frontalis). Normally Picea rubens produces large amounts of oleo-

resin that exclude the boring beetles, but long-term acid depositionmay have altered

red spruce forest structure and function. Elevated deposition of sulphate and particu-

larly N reduced tree water uptake, decreased oleoresin production, and caused the

trees to become more susceptible to insect colonisation during the drought period.

These results suggest that long-term N deposition predisposes forests to other eco-

logical stress. In combination, insects, drought and N ultimately combined to cause

the observed forest mortality.

10.6 Export of NO3 with seepage water

Many N addition studies have shown that loss of NO3 from forest is a

major consequence of excess N, leading to both soil acidification and eutrophi-

cation of stream waters. In northern forests, there are very few areas that have
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not experienced some degree of N enrichment through air pollution. Investi-

gation of N losses from forest with very low levels of N addition from air

pollution in Chile and Argentina showed that N is leaching from forest primarily

as dissolved organic N (DON) (Figure 10.11). Losses of NO3 were only about 5% of

the total N loss. The form of N loss from the forests in Chile and Argentina

contrasted sharply with losses from chronically polluted old growth forests in

the eastern USA. Nitrate dominates (70%–86%) N loss from all North American

watersheds, with concentrations that were between 40 and 95 times greater than

the highest concentrations in the South American forest areas.

Nitrogen addition experiments have shown that the amount of N leached

depends on the retention capacity of the soils and trees. For the NITREX sites (see

Table 10.1), leaching losses represented between <5% and 80% of deposited

N depending on the initial N status of the site and the form of N added. Stands

can be divided into two categories, those with an initial low N status (Gårdsjön

and Klosterhede) where both NH4 and NO3 were retained with high efficiency,

and those with an initial high N status (Aber, Speuld, Solling, Ysselsteyn) where
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there is lower N retention. The amount of N lost by leaching was determined by

how much N was in excess of the storage capacity and how much NO3 was

generated. Nitrate can originate from deposition or be internally generated by

transformation of NH4 to NO3 by soil microbial activity. At low rates of nitrifica-

tion, leaching losses are higher if N is deposited as NO3 rather than NH4. At the

Aber site, rates of nitrification were low and NO3 leaching losses were doubled

when similar amounts of N were applied solely as NO3 compared to NH4NO3. In

more N-rich stands with higher nitrification rates (Ysselsteyn), leaching losses as

NO3 are in excess of the NO3 added. The internal N status, which is important in

determining the retention capacity of a stand, is a consequence of historical

N deposition and management. This accounts for the often poor relation

between N retention and current rates of N deposition. However, there is a

strong relation between forest floor C/N ratio and NO3 leaching losses. In

stands with a low N status, at a C/N ratio > 25, c. 25% of N inputs are leached.

In stands with a high N status, with C/N ratios < 25, this increases to c. 60% of

inputs. The relationship between the C/N ratio of the organic layer and leaching

as NO3 is that nitrification rates increase as C/N ratios decline or N concentration

increases, thus decreasing the N retention efficiency of the forest floor.
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11

Soil functioning and climate change

Forest ecosystems are experiencing a change in both the physical and

the chemical environment. The physical changes are the changes in tempera-

ture, humidity and precipitation expected to occur with increased global

warming; the chemical changes are increases in acidity and N deposition, as

well as the effects of changes in the atmosphere such as elevated atmospheric

CO2, and increased levels of near-ground ozone. As discussed in the previous

chapters, many of these changes have been occurring over the past 100 years,

for example soil acidification, but continue to leave a lasting legacy. Changes in

gases in the atmosphere such as CO2 and O3 can be predicted; however, other

changes such as temperature and precipitation on a local or regional scale are

event-driven, an example being the heat wave and drought experience in

Europe in 2003, which greatly reduced NPP on a sub-continental scale. Added

to the unpredictability of many of these changes are the unknown interactions

between many of these factors. Even if scientific understanding of physical and

chemical climate change factors on forest ecosystems has greatly increased for

single factors, the possible interactions have mostly not been investigated. The

effects of these climate change parameters on biotic stress, such as insect

damage, pathogenic fungi and bacteria, are largely unknown, and at best purely

observational.

Climate change factors can also erode ecosystem stability. The stability of

ecosystems is defined in terms of resistance and resilience (Peterson et al. 1998).

Factors such as soil acidity, N deposition and elevated CO2 have the potential to

change the resistance of ecosystems, allowing climatic events to destabilise

them. Examples of this can be found in soil acidification decreasing stand

stability to storm damage (Braun et al. 2003), and increased sensitivity of forest

stands to drought after long-term N addition (Magill et al. 2004).
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The ecosystem stability of forests is dependent on the cycling of carbon, water

and nutrients between the soil and the plants. Climate change will affect all of

these processes, both directly by altering their rate, magnitude and direction,

but also indirectly by changing forest structure and functioning. Since climate is

one of the five factors driving soil formation, the developmental trajectory of

many forest soils is likely to be altered by changes in temperature, precipitation

and vegetation. Through their contribution to global geochemical cycles, forests

are active in shaping the climate and, in a feedback loop, are able to reinforce or

lessen some of the effects of climate change. The mechanisms and the processes

involved in the forest response and in the feedbacks are currently subject to

intensive experimental and modelling scrutiny. This chapter illustrates current

thinking on some of the aspects of climatic change, its effects on forest soil

functioning and forest health.

11.1 Effects of climate change

The impending global climate change and its effects on species, ecosys-

tems and on human society are often characterised as unprecedented and

unpredictable and hence difficult to deal with. Indeed, such evidence as there

is to document the effects of large climatic shifts on ecosystems points in the

direction of a major disruption of established energy and matter flows and a

long period of readjustment. The only evidence we have of forest response to

climatic change of such magnitude is the Holocene fossil record. Records

obtained by analysing undecomposed plant material and pollen records from

undisturbed lake sediments indicate a large geographical shift of forest cover

following the last ice age. As well as expanding from glacial refugia, tree popula-

tions ‘migrated’ to areas newly exposed to colonisation by retreating glaciers.

Modelling analyses with existing global circulation models indicate that tree

species expanded and shifted their ranges to fit the climate-spaces to which they

were adapted. In the Northern hemisphere, as well as colonising new territory in

the northward direction, most forest trees became sparser at the southern edge

of their distribution as local conditions moved out of their optimal physiological

requirements. However, most tree species that grow at the northern tree line are

also found in mountains in the south. This suggests that the northward forest

expansion during the warm periods is not relevant to the long-term tree species

survival. It is the fate of the southern refugia that determines the continuity of

tree species composition of northern forests (Bennett et al. 1991).

During the last glacier retreat, forest migrations involved movements of

species boundaries at rates of about 10–100 km per century. Together with

shifting climatic patterns, the other main factor affecting this is long-distance
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seed dispersal. Colonies of trees established well ahead of the main population

front speed up the general movement of a tree species. There is some evidence

that trees with wind-dispersed seeds such as eastern hemlock (Tsuga canadensis)

were able to jump as much as 100km, whereas animal-dispersed trees such as

beech (Fagus grandifolia) managed only around 40km (Davis 2001). There is also

evidence to suggest that some tree species in Europe, such as common beech

(Fagus sylvatica), have even now not fully expanded in to the potential climate

space for these species after the last ice age.

In comparison with the natural climatic oscillations which drive the ice ages,

the human-induced climatic change appears several times faster, thus placing an

additional strain on the adaptation capacity of northern forests. Future changes

of climatic optima may involve shifting of species boundaries an order of magni-

tude greater than those observed during the last post-glacial expansion. This will

severely test not only the capacity for northward tree range expansion, but

especially the viability of the very important southern refugia. An additional

factor that may affect the adaptation of some tree species is the habitat fragmen-

tation induced by human utilisation of the landscape. Where previously we

found continuous populations of northern forest tree species, now we observe

forest remnants scattered in an agricultural landscape. Such disintegration of

forest cover may limit the speed of tree species expansion, which, coupled to

rapid climate change, may disrupt the functioning of a significant proportion of

today’s forests. Changes in tree species composition, organic matter input, water

circulation or nutrient cycling are all likely to affect forest soil functioning and

development.

Since most forest soils develop together with, and are influenced by, the

dominant forest type, climatic change will alter the developmental trajectory

of forest soils. In the long run, the distribution of forest soils will probably

change owing to a change in forest type distribution. The most important influ-

ence in this respect is the expected expansion of forests dominated by broad-

leaves (beech, oak) at the expense of conifer forests (spruce, larch). In boreal

forests, the evergreen needle forest, which covers much of the area, is predicted

to be restricted to high elevations at higher polar latitudes, and much of the

lowlands will become larch-dominated broadleaved forest. Broadleaved forests

are typified by their favourable humus types and soil cycle dominated by bac-

teria, whereas conifer forests are characterised by more acidic soil conditions,

slower organic matter decomposition and soil biota dominated by fungi. It

should be remembered that soil functioning and development is influenced by

a host of factors, which affect each other in a series of feedback loops. Thus, tree

species composition, forest productivity, litter decomposition, water availability,

nutrient cycling and many more processes will act together to determine the
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response of a forest soil to climatic change. Increased carbon fixation and higher

primary productivity in forests are a direct consequence of rising atmospheric

CO2 levels (Chapter 8). Many of the potential climate change factors have been

addressed in the previous chapters; this section concentrates on the effects of

changing temperature, rainfall and N deposition and on the interactions

between northern forests and the global climate.

11.1.1 Increasing temperature

Atmospheric concentrations of gases that have the capacity to retain

heat within the Earth system have increased dramatically since the start of the

industrial revolution. Gases such as carbon dioxide, methane and nitrous oxide

are accumulating in the atmosphere at increasing rates, largely due to combus-

tion of fossil fuels, land use change and an expansion of intensive agricultural

practices. The IPCC (Solomon 2007) in their Fourth Assessment Report assert that

the global surface temperature is likely to increase by 2.4–6.4�C by the end of the

twenty-first century, relative to the 1980–1999 average. This projection is based

on the A1F1 fossil fuel intensive emission scenario, but since global CO2 emis-

sions currently exceed even this pessimistic scenario, future increases in ambi-

ent temperature might be even higher (Figure 11.1).

The temperature increase, of course, is not uniform across the planet and

different regions are likely to experience varying changes of mean temperatures.

For example, the Arctic region at the northern treeline of the boreal forest is

currently experiencing the fastest warming. Predictions of rates of change of

climate space by biome suggest that the fastest changes will occur in boreal

forest > broadleaf temperate forests > coniferous temperate forest. Tempera-

tures at the top of the permafrost layer have generally increased in the past
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30 years by up to 3�C. At the same time, the maximum area covered by seasonally

frozen ground in this region has decreased by about 7% since 1900. At present,

we are not able to give a satisfactory answer to the question about the reaction

of northern forests and their soils to such large and rapid warming. The

main reason for this is our inability to conduct warming experiments at forest

ecosystem scale.

During the past decades, a series of soil warming experiments has been

initiated in northern forests (see below), with the obvious caveat that these

investigations by definition only warm one part of the ecosystem, thus removing

above- and belowground feedbacks and making predictions of warming of the

whole ecosystem difficult. An alternative approach to investigating the effect of

rising temperature on forest soil functioning is to analyse a series of similar

forest ecosystems growing across a temperature gradient. The forests across such

a gradient have had centuries, if not millennia, to adapt to present conditions,

while the climatic change during the next century is likely to proceed at far

greater pace. However, both warming experiments and gradient studies can offer

indications and uncover mechanisms that will guide forest soil functioning in

the future.

Forest soils serve as a large nutrient and carbon reservoir, supporting forest

growth through the turnover of matter held within the soil profile. Current

observations indicate that the predicted increases in mean temperature will

increase the rate of organic matter decomposition and of nutrient release. Both

processes are temperature-dependent, their main drivers being microbial and

chemical activity in the soil. As a direct result of increasing temperature,

a stimulation of leaf litter decomposition can be anticipated. On a global scale,

the prevailing local climate has been shown to be the factor that best explains

the first-year rate of forest litter decomposition. Using annual evapotranspira-

tion as a proxy, which integrates temperature and water availability, Aerts (1997)

found that the warmer the climate and the higher the amount of water lost from

a forest ecosystem, the faster the initial rate of litter decomposition. Similarly,

Moore et al. (1999) estimate that the litter decomposition in Canadian forests will

increase by 4%–7%, based on an increase of temperature and precipitation

estimated from the mid-range climate change scenario. Following the stimula-

tion of the first stage of litter decomposition, the effects of increasing tempera-

ture tend to dissipate, with studies suggesting positive, negative or no effects on

temperature sensitivity of decomposition when more stable or lower-quality

litter is broken down (Davidson and Janssens 2006).

Soil warming experiments, which start with a step-increase of temperature in

the ‘warming’ treatment, generally show a fast stimulation of soil CO2 efflux,

indicating a rapid breakdown of labile organic matter, which was previously
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limited by sub-optimal temperature (Figure 11.2). This response has, however,

proved transient and is best described as an initial stimulation of organic matter

oxidation. Once the supply of easily decomposable matter has been exhausted,

the rate of decomposition and the soil CO2 flux return to the levels found in the

unheated plot. This observation also highlights a potential drawback of soil

heating experiments: since it is only the soil part of the system that is being

subjected to warming, it is unlikely that the primary production in the forest

canopy will be stimulated to the same degree as the soil processes. The decom-

posers are therefore prone to run into ‘fuel limitation’ at some point, since the

input of organic matter into the soil does not keep pace with their activity.

Increased soil CO2 efflux following soil warming is often attributed to faster

decomposition, but a significant proportion of observed increases can originate
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Figure 11.2 Quantitative responses of NPP, litterfall, heterotrophic respiration (RH)

and plant and soil C pools to step increases in CO2, nitrogen and temperature.

With permission from Hyvonen et al. (2007).
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from higher root respiration rates. Since the normal soil temperatures are below

the optimum required for maximum root metabolic rate, warming the soil may

result in higher root metabolic activity and/or faster root growth (and hence

larger root systems). Forest root respiration, an indicator of root metabolic

activity, is temperature-dependent and is greater in forests with higher mean

annual temperature (MAT). Burton et al. (2008) in their analysis of 44 published

values of annual forest root respiration found that the mean Q10 of ecosystem

root respiration dependent on MAT is 1.6, if calculated as a between-ecosystem

comparison. The same variable, but assessed as a within-ecosystem short-term

response to soil warming, is in the region of 2–3. Across ecosystems, proportional

increases in gross primary productivity (GPP) and related autotrophic respiration

with increasing MAT have been observed (Litton et al. 2007). By definition, as GPP

increases, so does the absolute flow of C into biomass and autotrophic respir-

ation. The split between above- and belowground allocation may be affected by

several environmental and edaphic factors, but some of the increase is likely

to find its way to tree root systems. Aboveground net primary productivity (NPP)

of forest ecosystems also increases with MAT: the Q10 of forest NPP is around

1.7 (Burton et al. 2008), similar to the above-mentioned Q10 of ecosystem root

respiration. Thus, root respiration across forest ecosystems responds positively to

increasing temperature, but at a much lower rate that the observed
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Figure 11.3 Increase in forest ecosystem annual root respiration with increasing

mean annual temperature. The solid line is for all data; the dashed line is for boreal

and temperate data, excluding four data points identified as outliers. With permission

from Burton et al. (2008).
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within-ecosystem responses to short-term warming. This indicates that forests

from warmer climates have either smaller root systems or lower metabolic

capacity of the root system (i.e. lower respiration rate at a given temperature),

and therefore reduced capacity to react to further warming. Cold climate forests,

which probably have larger root systems and faster metabolism to utilise the

much shorter period of summer activity, can rapidly increase their activity as a

short-term reaction to soil warming.

Results from a Swedish soil-warming study suggest that fine root production

may be a function of the length of the growing season, and that root mortality

increases with soil temperature. Greater fine root biomass and higher mortality

have a direct impact on the amount of belowground litter: an increase in both

would result in a significant increase in soil C turnover rate. Similarly, Wan et al.

(2004) found that elevated temperature stimulated both length extension and

mortality of maple fine roots. They attribute this increase to several alternative

mechanisms, some related to direct effects of increased temperature on root

physiology, others to effects on wider soil functioning. Elevated temperature

may increase root mortality because root maintenance respiration increases

exponentially with rising soil temperature, thus exhausting fine root C supply.

Soil microbial activity increases at higher temperature, which may lead to higher

N mineralisation and availability, leading to a lower requirement for fine

root nutrient uptake capacity. Finally, as is often the case in soil warming

experiments, increased soil temperature leads to concomitant decrease in water

availability. Water-stressed fine roots are likely to have shorter life spans and

higher mortality.

An important point to consider is the seasonal variation in effects of increas-

ing soil temperature, which is not revealed when only MAT is considered.

A severe hot spell during the height of the growing season, often accompanied

by drought, may induce significant mortality in the population of fine roots. On

the other hand, a slightly increased soil temperature during winter may not have

a direct effect on tree roots, but may contribute to increased mineral

weathering, organic matter decomposition and microbial activity.

11.1.2 Changing rainfall

The current extent of temperate and boreal forests, their boundaries

and species composition is best described by means of Holdridge life zones.

Holdridge (1967) defined a life zone as a group of associations related through

the effects of the three major climatic factors: heat (biotemperature),

precipitation and humidity (potential evapotranspiration ratio). The selection

of these three factors neatly illustrates the importance and interconnectedness

of ambient temperature and water availability to natural ecosystem
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development, functioning and survival. All terrestrial life zones, from deserts

and tropical rainforests to dry and wet tundra, can be characterised by a certain

combination of these factors. Since climatic change is likely to affect all three

factors, an adjustment of the present distribution of life zones is to be

anticipated.

Predicted scenarios of global climate change on the American and European

continents by 2100 include a rise of average air temperature by more than 2 �C,
shifting geographical and seasonal rainfall patterns, and a concurrent intensifi-

cation of rainstorms and heavy precipitation events. These changes may pro-

foundly affect forest vegetation by shifting species’ climatic boundaries and

hence by forcing substantial changes in species composition of forest commu-

nities as they adapt to the new environmental conditions. These conditions will

probably include increased frequency and length of heat and drought spells,

leading to subsequent rise of fire risk. At the same time, intensification of

rainfall events may raise the probability of severe flooding of lowlands, heavy

erosion and disruption of normal annual cycle in seasonally flooded forests.

Although precipitation is highly variable spatially and temporally, observed

long-term trends from 1900 to 2005 show significantly increased precipitation

in eastern parts of North and South America, northern Europe and northern and

central Asia. Drying has been observed in the Sahel, the Mediterranean, southern

Africa and parts of southern Asia. The temporal pattern of precipitation is

predicted to change, resulting in wet winters and dry springs and early summers

in northern Europe. Although annual rainfall will increase in this region, forest

vegetation may still suffer from summer drought at the height of the growth

period. As a consequence of spring and early summer droughts, plants may

reduce their leaf area, which in turn may decrease productivity for the rest of

the growing season (Nilsen et al. 1996).

Tree species coexisting in a given forest do not experience the same level of

drought stress during different parts of the year; trees evolved several alterna-

tive strategies to cope with lack of water. Tree species are commonly classified as

drought-tolerant if they are able to maintain photosynthetic activity under

severe water stress as certain evergreen oaks (Quercus) do. On the other hand,

drought avoiders either shed leaves or close stomata during dry periods, as

certain pines (Pinus) do. Further, species composition of a forest stand directly

influences its water balance. Trees directly affect the amount of water in the soil

through crown interception and evapotranspiration. Schume and Hager (2004)

have shown that evapotranspiration in a mixed Norway spruce (Picea abies) and

European beech (Fagus sylvatica) stand was disproportionately greater than in

single-species stands. The increase in evapotranspiration in the mixed stand was

exclusively attributable to beech, which in mixture deepened and intensified its
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fine-root system, whereas spruce rooted more shallowly. During prolonged

drought, beech could thus gain a competitive advantage since the mixed stand

extracted a higher percentage of water from deeper soil layers than the pure

stands. Apart from trees and their root systems, the severity and the duration of

drought is important for the functioning of other soil biota. Since water is an

essential requirement for nearly all soil processes, lack of accessible water

quickly limits soil functioning. Prolonged drought decreases soil microorganism

activity directly by restricting their access to free water and indirectly by

limiting photosynthesis and fresh carbohydrate supply to the soil. Populations

of microorganisms and fungi, but also of arthropods, nematodes and other soil

biota decline during drought, but tend to recover quickly once water availability

improves (Liiri et al. 2002).

Moving across the climate gradient from the very dry environment to the very

wet, both the amount of rainfall and its intensity are forecast to increase in the

central and northern parts of Europe in the latter half of the twenty-first

century. Together with an increasing probability of substantial surface runoff

and higher risk of soil erosion, this weather pattern is likely to bring an

increased incidence of flooding in lowland areas. Restricted gas exchange

between the rhizosphere and aerated environment during a flooding event

reduces the concentration of oxygen and elevates the concentration of carbon

dioxide in the root zone. Air within soil pores is replaced by water and any

remaining oxygen is quickly consumed by root and soil microbial respiration,

a process that gives rise to a condition commonly defined as hypoxia. This

situation induces severe stress in all aerobic organisms, including trees, since

functions such as mitochondrial respiration, oxidation and oxygenation pro-

cesses cannot take place (Vartapetian and Jackson 1997).

The response to submersion varies among species, the most commonly

observed reaction is a reduction in shoot growth, probably accompanied by

decline in root growth. Other responses can include injury, inhibition of seed

germination, changes in vegetative and reproductive growth, changes in plant

anatomy, and promotion of early senescence and mortality. There are several

adaptations to submerging. Riparian tree species frequently exposed to flooding

such as willows, poplars and alders often feature lenticels, aerenchyma or

adventitious roots. Perhaps counterintuitively, the ability of roots to supply

shoots with water may decrease in conditions of hypoxia owing to restricted

hydraulic conductivity of roots (Sellin 2001). Consequently, as the atmospheric

evapotranspirational demand (AED) increases, trees suffering from root hypoxia

cannot compensate for transpirational water losses from shoots, and this is

reflected by lower shoot water potential of trees in waterlogged sites as com-

pared with the trees on drier sites. Hypoxia caused by excess of water at the root
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level may thus lead to a water deficit at the shoot level. Recently, there have

been indications of a shift in the approach to flood protection of inhabited

areas, away from constricting the flood water in the present river bed and

towards creating water overflow and retention zones, often located in areas of

lowland forests (Buijse et al. 2002). If the periods of flooding are relatively short

and happen predominantly during winter or early spring when the trees are

dormant, the risk of damage to the trees should be relatively low. However,

prolonged and frequent flooding during the growing season can cause severe

damage to the tree stands, especially if afforested by tree species sensitive to

flooding.

Increased precipitation, together with rising winter temperatures, in many

areas in the boreal zone present an increasing risk of peatland encroachment,

with adverse consequences for forest growth and regeneration (Crawford et al.

2003). Together with the groundwater level, water nutrient and oxygen concen-

trations determine the impact of the bog environment on trees. During the

process of paludification, peat accumulation raises the soil water table, which

has a negative impact on tree growth. As trees slow down their metabolism, the

ecosystem evapotranspiration decreases, leading to further increases in the

water table. Paludification is the most common process of peat bog expansion

in the boreal zone, often accompanied by a reduction in soil temperature,

aeration, nutrient content and decomposition rates.

11.1.3 Nitrogen deposition

Nitrogen, along with carbon and oxygen, is one of the crucial elements

necessary for organic life. All ecosystems on Earth, including forests, need to

recycle their N content to some extent, as inputs of accessible N are usually far

below the requirements. Severe ecological problems occur when N cycling is

separated from its most common partner – carbon (Townsend et al. 2003).

Ecosystem productivity declines when N is in short supply but also when it is

in excess (Chapter 10). Nitrogen deposition is currently increasing as a result of

anthropogenic activities, in some cases vastly exceeding existing N uptake

capacity. As soon as ecosystem N sinks are saturated, surplus N accumulates

in the soil and eventually escapes as nitrous oxide efflux, volatilised ammonia

or underground nitrate leaching. Excessive soil N content contributes to soil

acidification via nitric acid formation and to subsequent loss of base cations.

Nitrous oxide and ammonia are both potent greenhouse gases; nitrous oxide is

also involved in the destruction of stratospheric ozone layer. Leaching of nitrate

may result in eutrophication of surface waters, significantly altering their

ecology. Forest flora typically relies on ammonium uptake, sometimes supple-

mented by nitrate released by the action of ammonium oxidising bacteria.
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Since most external N deposition is in these two forms, such input has the

potential to significantly alter forest N cycling.

Boreal, and to some extent temperate, forest soils normally contain an order

of magnitude more N than the plant biomass. Nearly all of this N is, however,

locked up and not accessible to plants, which have to rely on recycling of N to

satisfy their uptake. As a result, ecosystem productivity of northern forests is

currently limited by N availability, which is dictated by the rate of N release from

organic matter. Almost all N released from decomposing organic matter is taken

up by the plants and microbes, resulting in an extremely ‘closed’ N cycle (Figure

10.11). Only a small proportion of ecosystem N uptake is lost from these forest

ecosystems. In contrast, wetland, aquatic and agricultural systems have an

‘open’ N cycle relying on external inputs of accessible N to support primary

production. Increased deposition to such ‘open’ systems is not critical for their

normal functioning and survival. Owing to their reliance on external inputs,

their N cycle has the ability to buffer the variation in N inputs and outputs.

Increased N deposition in northern forests, on the other hand, has the potential

to alter their productivity and push their N cycle towards being more open and

dependent on external N inputs.

Prior to the industrial revolution, the rate of N deposition was extremely

low and probably similar to today’s rate of around 1 kg N ha�1 yr�1 in remote

regions (Figure 11.4). Such low rates contributed only insignificantly to the

annual uptake by forest ecosystems. Industrialisation and increasing intensity

of animal husbandry during the past two centuries have resulted in substantial

emissions of N. By 1860, natural processes still dominated the global

N deposition rate of around 120 million t N yr�1 because anthropogenic inputs

were small. By 2005, natural processes had diminished owing to land-use change,

and anthropogenic processes had increased by over an order of magnitude to

around 210 million t N yr�1 (Galloway et al. 2008).

The fact that forest growth is limited by N availability has been known for

some time. Increasing N deposition was therefore initially not considered to have

a negative impact on northern forests. In the early 1980s, Nihlgard (1985) noted

that observed soil acidification and forest decline were often accompanied by

elevated active nitrogen inputs. Substantial research was directed at elucidating

the effects of increasing N deposition on northern forests, eventually leading to

the N saturation hypothesis (e.g. Aber 1992). Although dependent on local soil

and environmental conditions, the hypothesis states that in the presence of

continuously elevated active N deposition the existing N sinks will become

overwhelmed, eventually leading to a situation where N losses from a forest

ecosystem equal or exceed N inputs. Perturbation of the forest N cycle result in

an alteration of biological and physical processes that would normally retain
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most of the available N within the forest ecosystem, leading to leaching and

emission of N. Plant and soil processes undergo a series of transitional changes,

eventually resulting in an open N cycle. Since N is abundant and available, the

C:N ratio of organic matter tends to decrease, probably resulting in C limitation

of microbial activity.

Mineralisation and subsequent nitrification by soil bacteria results in the

production of NO3
� anions and Hþ cations in equal concentrations. The anion

is then taken up by plants or microbes and the cation adsorbed onto the cation

exchange complex. The overall pH of the system thus remains the same. In the

conditions of excessive N deposition, especially at or close to N saturation,

a significant proportion of NO3
� anions is lost by leaching, owing to their

solubility and to the fact that most soil particles have negatively charged sur-

faces. The prevalence of Hþ cations then increases soil acidity and displacement

of base cations such as Kþ, Ca2þ and Mg2þ. Bases are then leached from the soil

together with NO3
�, contributing to the nutrient loading of surface waters and

to nutrient depletion of forest soils.

With the increase in N deposition over the past 50 years, plant communities

in broad areas of Europe and North America may have shifted toward compos-

itions typical of high N availability. This shift has often been associated with loss

in diversity of plant species and associations, particularly in regions with high

N deposition. Whether through direct effects (toxicity of nitrogen gasses, build

up of ammonia and ammonium, increasing N availability) or indirect effects (soil

acidification, increased susceptibility to other stress factors), greater N inputs

into forest ecosystems cause changes in species composition, plant diversity and

N cycling. Species that have evolved mechanisms for N acquisition in conditions

of limited N availability, and which are ‘costly’ in terms of carbon, find them-

selves outcompeted by opportunistic species that make use of ‘cheap’ N available

in increasing quantities. Changes in biotic interactions (increased pathogen

damage to plants), or physical disturbance of the ecosystem (for example tree

harvesting) may reinforce N-induced vegetation changes.

11.2 Feedback effects of forests

The biosphere has the potential to influence the global climate

through several processes; it is capable of exerting a strong influence on fluxes

of energy and materials within the Earth system. Large amounts of carbon,

nutrients and water are stored in and released from forests and forest soils.

Forest canopy alters air mass flows, dictates the albedo of landscape surfaces

and changes the rate of deposition of atmospheric pollutants. Forest type and

functioning are strongly influenced by local climate or weather, but also have
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the capability to alter their physical environment and greatly influence the

behaviour of the whole system. Northern forests represent a large reservoir of

C, the cycling of which is pivotal to the stability of global climatic conditions

suitable for organic life. Impending climatic change is likely to alter the

amount and the speed of the forest C cycle, change the stock of C held in forest

soils and affect the capacity of northern forests to contribute to the global

C cycling. There is a plethora of direct effects of climatic change on forests and

vice versa. Owing to their importance for the global C cycle, the activity of

forests is likely to have an effect on the climate. As an example of a positive and

self-supporting feedback loop, human CO2 emissions increase the mean tem-

perature of the boreal region. This may increase the decomposition of organic

matter currently stored in boreal soils, further increasing the atmospheric CO2

concentration and temperature. Currently, the direction and the strength of

such feedback effects is starting to be uncovered; however, their true potential

to interact with climatic change is not yet known.

11.2.1 Contribution of northern forests to the global C cycle

Temperate and boreal forests in the northern hemisphere cover an area

of about 20 million square kilometres and act as a substantial carbon sink (0.6–

0.7 Gt C yr�1 (Goodale et al. 2002). For comparison, annual anthropogenic emis-

sions of CO2 at the end of the 2010s are running at around 8–9 Gt; northern

forests are therefore thought to sequester about 8% of human emissions. This is a

significant contribution to the global C cycle, especially when considering that

this is a ‘net’ figure: the amount of C that flows through these forests every year

is far greater, as most fixed C is quickly respired back to the atmosphere. Climate

change is thought to significantly affect this C sink, initially increasing its size

through concerted effects of increased atmospheric carbon dioxide, increasing

temperatures, changes in management practices and nitrogen deposition. Cur-

rent expansion of forest area in temperate and, to a lesser extent, boreal regions

following agricultural abandonment will certainly positively contribute to the

C sink activity.

Increases in forest ecosystem respiration as temperatures increase could

create a positive feedback that causes atmospheric CO2 concentration, and

subsequently global temperature, to increase more rapidly (Cox et al. 2000). If

plant tissue respiration and, perhaps more importantly, soil respiration accli-

mates to temperature over time, this feedback loop will be weakened. Present

ecosystem modelling studies show that including such temperature acclimation

can have a substantial effect on estimates of C exchange and net primary

productivity (NPP). For example, Hanson et al. (2005) modelled effects of CO2,

temperature, precipitation and ozone on C and water cycles for an upland oak
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(Quercus) forest. Initial simplistic model runs, which featured only single climate

change factors, predicted a 190% increase (CO2) or 206% decrease (temperature)

in net ecosystem exchange (NEE, the difference between carbon uptake and loss

on annual basis) by 2010. However, when acclimation of plant respiration to

warming was included in the model, the combined influence of the multiple

factors for the year 2100 resulted in a projected 20% increase in NEE. For the

strength of the feedback loop between the forests and the climate, perhaps even

more important is the temperature sensitivity and the acclimation of organic

matter decomposition to rising temperatures.

The enormous global stocks of soil organic matter (SOM) and their fate in the

future warmer world have recently received considerable interest largely

because of their importance in the global carbon (C) cycle and potential feed-

backs to climate change (Davidson and Janssens 2006). The issue of crucial

importance is the reaction of soils under boreal forests and those in wetlands

and peatlands, where anaerobic conditions frequently persist, decomposition

proceeds much more slowly, and deep layers of organic matter accumulate on

top of mineral layers. In soils with permanently frozen layers (permafrost),

drainage is also often poor, and organic matter may become buried in deep soil

layers through cryoturbation. Thus, boreal soils generally contain higher carbon

densities than soils under temperate forests. Moreover, permafrost soils and a

large fraction of peatland soils occur at high latitudes, where warming is

expected to be greatest and has already been observed. Several authors claim

that respiration of terrestrial ecosystems should be more sensitive to global

warming than gross primary production. Global warming should thus lead to a

Table 11.1 Size and vulnerability of belowground C stocks

The estimates are highly uncertain, however they provide an indication of

the potential feedback in terms of C release from soils to atmosphere.

Carbon pool Global size (Gts)

Potential loss by 2010

due to global warming

Upland well-drained soil inventory (3 m depth) 2300 —

Simulated upland soil (litter layer) 200 30

Simulated upland soil (mineral soil to 1 m depth):

Annually cycling 200 3

Decadally cycling 700 40

Millenially cycling 100 0

Peatlands (3 m depth) 400–500 100

Permafrost (3 m depth) 400 100

Source: Table adapted from Davidson et al. (2006).
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net C release from forests to the atmosphere. However, at present there is no

consensus on the temperature sensitivity of decomposition of a large fraction of

soil C stocks.

Soil warming experiments have also provided some indication on the tem-

perature sensitivity of decomposition. In these experiments, an initial increase

in soil CO2 efflux in response to experimental warming has been observed, but

this measurable pulse in decomposition often disappears within a few years

(Chapter 8). One interpretation of these short-term responses has been that only

decomposition of the most labile soil C pool was sensitive to the warming

treatment, and that decomposition of the older, more recalcitrant soil C was

not temperature-sensitive. Extrapolation of these observations into the future is

currently not possible owing to the uncertainty and variation of existing obser-

vations. The most obvious environments in which current constraints on decom-

position are likely to change as a result of climatic disruption are the boreal and

the arctic zones, thus potentially exposing large stocks of C to less constrained

decomposition during the next few decades (Davidson and Janssens 2006).

Another example of a combined feedback effect of climate change is the

interaction between the C and N cycles. As already mentioned, increasing levels

of atmospheric CO2 may enhance forest growth and C sequestration, putting a

negative feedback on atmospheric CO2 concentration. Forest net carbon seques-

tration, however, has been found to be overwhelmingly driven by present

N deposition, largely as a result of anthropogenic activities. If the N emissions

(and deposition) continue at current rates, which is very likely, the subsequent

stimulation of forest productivity will increase the strength of the negative

feedback exerted on atmospheric CO2 by temperate and boreal forests. This

stimulation is likely to continue up to the point where N saturation of forest

ecosystems is reached and negative effects of excessive N abundance become

apparent. As substantial increases in global N emissions are predicted for the

coming 50 years, the potential risk of widespread N saturation of forest ecosys-

tems in the long term cannot be discounted. Soil acidification, groundwater and

surface water quality and biodiversity may be affected, reducing the size of the

forest C sink (De Schrijver et al. 2008).

11.2.2 Forest expansion and the water cycle

An important element of the planetary climatic system is the hydro-

logical cycle, which involves the cycling of water between oceans, atmosphere

and terrestrial hydrosphere. Forests have a direct role in this cycle, particularly

at local to regional scales. From the hydrological perspective, forest trees are best

described as intermediaries facilitating the exchange of water between the

atmosphere and the soil. Forests intercept some of the precipitation in their
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canopies so that it never reaches the soil, take up water from the soil, transport it

to the canopy and transpire it back to the atmosphere. Soil water content, and its

physiological availability, ultimately determines the productivity and the sur-

vival of the forest. Forest ecosystems are adapted to deal with changing water

availability at different timescales by closing the stomata (minutes), shedding

the leaves (days), changing the relative biomass of leaves and roots (years) or

changing the species composition (decades). All these processes contribute to the

water cycle and determine the amount of water returned back to the atmos-

phere, held in the soil and lost from the ecosystem through surface and under-

ground flows (Lischke and Zierl 2006).

Since climate change is likely to result in a significant alteration of regional

water availability and precipitation patterns, the capacity of forests to deal with

such a change is of utmost importance. A feedback mechanism can be envisaged,

where changing climate alters distribution, composition and structure of

forests, but the resulting forest cover will then influence water availability in

the landscape. The effects of water availability on forests involve several physio-

logical adaptations, which need to be considered when assessing the impact of

climate change on forests. It the short term, the physiological shortage of water

negatively affects photosynthesis when plants close stomata to minimise water

losses from foliage, thus restricting CO2 diffusion and assimilation. In the long

term, changes in water availability alter biomass allocation, resulting in changes

in the structure and hydraulic architecture of trees. Alterations of forest struc-

ture, coupled to increased susceptibility to other stress factors, may negatively

affect several functions performed by forests in the landscape. Decreased forest

density may lead to higher risk of soil erosion and slope instability, ultimately

leading to reduced water retention capacity and faster runoff of precipitation.

A mature mixed forest in the southern taiga region of Russia transpires

around 4 mm of water every day during the growing season. In a region where

annual precipitation is around 700 mm, the loss of water from the ecosystem

through transpiration amounts to a significant proportion of the total. Should

the transpiration of spruce and poplar trees in this ecosystem be reduced by

decreasing vitality, a far larger proportion of water will leave the landscape as

surface runoff. On the other hand, if forest growth is stimulated by climatic

change, all other things being equal, the increased transpiratory loss will lead to

lower downstream water availability.

Despite continuing deforestation in the tropical and subtropical areas, other

regions are currently experiencing an expansion in forest cover. Temperate

regions in Europe and North America are subject to substantial reforestation

due to abandonment of former agricultural land in marginal areas. At the same

time, considerable areas of natural grasslands are being converted to tree
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plantations in the Southern hemisphere as a result of incentives provided by the

clean development mechanism of the Kyoto Protocol. Water yields are altered by

changes in transpiration, interception and evaporation in afforested areas, but

currently we do not have sufficient information to assess these effects, particu-

larly at the landscape level. Past studies of the interaction between forests and

water cycle have focused almost exclusively on the effects of logging and defor-

estation, but the results of these are not directly applicable to reforestation as

the mechanisms and processes involved are not necessarily opposite or reversible

(Robinson et al. 2003).

The changes in runoff and evapotranspiration induced by removing or

expanding forest cover will differ in magnitude and timing, and will be influ-

enced by site and climate characteristics. Abrupt changes of water cycle are

usually associated with (large-scale) deforestation, whereas a more gradual

change can be envisaged as newly established forests grow and utilise larger

amounts of water. An important issue, particularly in arid and semi-arid regions,

is not so much the total amount of water yield from a watershed, but the lowest

flow during the driest part of the year. This is the period when the evapotran-

spiratory loss from the forests tends to be the highest, and coincides with the

greatest demand by other users. Expansion of forests will therefore need to be

considered as an important feedback factor when assessing the impacts of

climate change on the water cycle. It also has to be considered that a forest

planted today is likely to exist in a different climate when it reaches maturity.

Forest area expansion due to afforestation of marginal land or carbon sequestra-

tion efforts is often carried out with allochthonous tree species (established in

the area, adapted to present climate) or fast-growing species (maximising

C sequestration capacity). However, future conditions and future requirements

Figure 11.5 Mean change in runoff from grasslands following afforestation, shown

as a function of mean annual precipitation. With permission from Farley et al. (2005).
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for forest ecosystem services need to be taken into account to ensure forest

sustainability. Soil and water changes normally associated with afforestation

and forest management practices can exceed those expected from climate

change; judicious forest management and the development of best practice offer

much scope for ameliorating the effects of climate change.

11.3 Environmental benefits and ecosystem services of forest soils

As explained throughout the book, northern forests are intrinsically tied

to the soils on which they grow. Different forests influence soil formation by

dictating the amount and the character of organic matter deposited into the soil,

by extracting water and nutrients from the soil, by providing suitable living

conditions for several types of soil biota, just to mention the most important

relationships. Changing tree species, for example as a result of forest manage-

ment decision, has a significant impact on soil functioning and on its develop-

mental trajectory. Large-scale replacement of natural broadleaved forests by

spruce plantations in Germany, which resulted in marked soil acidification, is

probably themost obvious example. In return, forest soil conditions influence the

species composition, stature, density and productivity of forests by providing

environment suitable for seed germination, water supply and nutrition to forest

trees. Unsuitable soil conditions can severely limit tree growth and even the very

survival of the forest. For this reason, it is not possible to disentangle the environ-

mental benefits provided by the forest from those tendered by the soil. Such

benefits, recently termed ecosystem services, are goods or services of direct value

to human society that emanate from a functioning forest ecosystem. One of the

major drivers behind the growing interest in ecosystem services is the present

realisation that such services are not infinite and once exhausted theywill have to

be provided by alternative means, usually at a large or prohibitive cost. Continu-

ing deforestation and expansion of human population increasingly highlight the

significance of services currently provided by forests and forest soils. The pressure

human society exerts on forest ecosystems and their functioning has implications

for global carbon, water and nutrient cycles. Given their importance in maintain-

ing the stability of global climate and in providing direct benefits to humans, the

sustainable use and preservation of forest soil is of considerable interest.

Forest ecosystem services are beneficial to human society in two ways. First,

they offer a direct benefit to humans in terms of maintaining an environment

suitable for human habitation. Importantly, such services are provided without

the need for any other input; in essence, they are tendered ‘automatically’.

Examples of such services provided by forest soils include carbon sequestration,

water amelioration or supporting biodiversity, as discussed. Second, some
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ecosystem services are provided by forest soils, but need an additional input by

humans, such as labour, capital or other produced goods, and usually result in a

production of consumable goods. Such goods may range from those that require

little in the way of other inputs (wild mushrooms ready for picking) to those that

require large amounts of other inputs (forests managed for timber) (Brown et al.

2006). Some ecosystem services, especially of the second type, can be reasonably

well provided by a substitute process. For example, mushroomsmay be cultivated

and wood may be replaced by other materials such as metals or plastics. Alterna-

tively, water filtration provided by watersheds with forest cover may be carried

out by a water treatment plant. However, owing to economic and population

growth, some of the more plentiful ecosystem services, which until recently were

considered inexhaustible, have becomedepleted andmay be reaching exhaustion.

11.3.1 Carbon sequestration

By locking C in their expanding biomass and, more importantly, in the

soils, forests have always significantly contributed to the global C cycle (Chapter 6).

With the realisation that increasing atmospheric concentration of CO2 resulting

FOOD

NUTRIENT CYCLING
CLIMATE REGULATION
FLOOD REGULATION
DISEASE REGULATION
WATER PURIFICATION

AESTHETIC
SPIRITUAL
EDUCATIONAL
RECREATIONAL
...

...

SOIL FORMATION
PRIMARY PRODUCTION

Supporting
Regulating

Cultural

ECOSYSTEM SERVICES

Provisioning

FRESH WATER
WOOD AND FIBRE
FUEL
...

...

Figure 11.6 The classification of ecosystem services as published in the Millennium

Ecosystem Assessment (MEA 2005).
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from human activities may severely alter the global climate, the removal of CO2

from the atmosphere became one of the most prominent forest ecosystem

services. The key attraction in considering forests as a useful C sink is the length

of time for which a molecule of CO2 is removed from the atmosphere, once it is

turned into organic matter during photosynthesis. Carbon invested into woody

biomass is likely to remain out of circulation until it is turned back into CO2 by

decomposition or burning, which is likely to be several decades. Carbon trans-

ferred to one of the more stable soil organic matter pools, on the other hand, is

likely to remain in the soil for several centuries or millennia. Soils in both

temperate and boreal forests are important stores of C, the proportion of

C stored in tree biomass to that in the soil is 1:2 in temperate and 1:5 in boreal

regions (Griffiths and Jarvis 2005). The efficiency of C sequestration in individual

forest types varies greatly, as it is dependent on a multitude of factors. Soil type,

forest productivity, decomposition, natural and forest management disturb-

ances and, indeed, climatic change all have a role in determining how much of

assimilated C will stay in a forest. For this reason, it is very difficult to measure

and to predict C sequestration in northern forests. A rough estimate of global

total is provided in Figure 11.7.

As outlined in Chapter 6, the most stable and recalcitrant C pool in the forest

is the fragmented and decomposed organic matter bound to mineral fraction in

organo-mineral complexes. It is this pool that is of greatest interest in terms of

C sequestration; however, at present it is virtually impossible to estimate the

Atmosphere

Plant biomass C

Soil organic C (0–1 m)

Biome C sink

Boreal
Temperate
Tropical

78–143
73–159
206–389

Boreal
Temperate
Tropical

338
153–195
214–435

Boreal
Temperate
Tropical

+0.49–0.70
+0.37

+0.72–1.30

CO2–C 817 CO2–C sink 4.1

Figure 11.7 Global estimates of C content in temperate and boreal forest plant

biomass, forest soils to 1 m depth and in the atmosphere (Pg C). Adapted from Lorenz

and Lal (2010).
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rate of C accumulation or loss in this soil pool. The main reason for this is its

extremely low turnover and accumulation rate. Carbon sequestration, by defin-

ition, implies a positive change in the size of the C stock in forests. This can

result from any combination of increasing soil C content, forest biomass accu-

mulation and expansion of forested area. The greatest potential for

C sequestration in the soil arises when agricultural soils, which are typically

depleted in C, are afforested and the resulting forests are managed to maintain

forest cover. Despite some evidence that afforestation of arable land may cause

initial decrease of soil C stock (Hoosbeek et al. 2004), C accumulation is typically

achieved over several decades. Since forests in temperate and, to a smaller

extent, boreal regions are recolonising areas taken out of agricultural use (both

arable and pastoral), significant contribution to C sequestration can be expected.

Having said that, detrimental effects of climatic change on forests are likely to

limit their C uptake capacity and in extreme cases lead to losses of C from forest

ecosystems. The desired long-term nature of C storage is a key issue in this

respect; it is very likely that forests planted today will reach maturity in a

climate significantly different from today’s. Species composition and manage-

ment practices will need to be adapted to include this risk. Successful establish-

ment and reliable productivity of Norway spruce (Picea abies) forests in lowland

areas is no longer viable, chiefly due to interaction between climatic change and

other stress factors (Mind’áš and Škvarenina 2004). The possible implications of

large-scale tree species change on C sequestration are currently unknown.

11.3.2 Water cycle

The provision of water is an increasingly valuable forest ecosystem

service. Owing to forecast increases in human population, the pressure on

available water resources is likely to grow in the near future. Forests and forest

soils combined significantly contribute to the supply of drinking and irrigation

water, and maintain recreational and aquatic habitats. Most densely populated

areas, including those considered to receive plentiful precipitation, such as the

UK, do already experience water shortages and the levels of freshwater with-

drawals exceed sustainable limits. Forest management in watersheds with

important water yield can positively, but also negatively, influence the quality

and the quantity of water in streams and its availability for human

consumption.

Removal of forest cover usually negatively affects watershed functioning.

Nutrient concentration in streams increases as a greater proportion of water

leaves the watershed as surface runoff, instead of percolating through the soil.

As well as directly affecting water quality, deforestation affects the functioning –

and ecosystem service provision – of downstream freshwater and riparian
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ecosystems. The temperature of surface waters increases, together with sedimen-

tation resulting from higher soil erosion. Addition of fine particles to gravel

beds, reduction of stream depth and filling of ponds may all be initiated if water

filtration by forest soils is disturbed. As mentioned previously, such service

normally inherent to forest ecosystems then has to be provided by a substitute

process. Probably the best documented example of this type of tradeoff is the

case of New York’s water supply.

On average, a person living in an urban environment needs about 0.06 ha of

clean, uninhabited water catchment to supply good-quality drinking water

(Foran and Poldy 2002). The more human features, such as roads or intensive

agriculture, there are in the catchment, the larger the area needed to satisfy each

person’s water supply, the lower the quality of the water and, importantly, the

higher the costs of water treatment. The economic value of water treatment

provided by forested catchments can be illustrated by the cost of New York water

provision. The total cost of treatment plants has been estimated at US 8–10

billion, plus around US 400 million of annual upkeep and maintenance

costs. In comparison, the purchase of 20000 ha of forest catchments in the

northeastern USA, which provide the same amount of water, cost less than

a quarter of this amount. Several large cities and conurbations operate similar

schemes where an area is allocated to water provision and taken out of agricul-

tural and urban development.

11.3.3 Biodiversity

Biodiversity, the diversity of genes, populations, species, communities,

and ecosystems, is fundamental to all universal ecosystem functions, such as the

absorption and transfer of energy and the uptake and loss of water and nutri-

ents. The question whether biodiversity is an ecosystem service in itself is still

being debated, mostly because the knowledge of the links between biodiversity

and ecosystem function is incomplete (Egoh et al. 2009). Nevertheless, the Millen-

ium Ecosystem Assessment (MEA 2005) states with ‘high certainty’ that biodiver-

sity strongly influences the provision of ecosystem services, and cites pollination,

seed dispersal, climate regulation, carbon sequestration, agricultural pest and

disease control, and human health regulation as the processes most frequently

affected by changes in biodiversity.

It is very likely that forest biodiversity needs to be maintained in order to

sustain long-term provision of goods and services. Losses of biodiversity have

been linked to a loss of essential forest functions such as decomposition of

organic matter or formation of mycorrhizal symbiosis. Changes in biodiversity

related to direct human influence, but also climatic change, could influence the

long-term tree species composition and the stand structure of forests, thus
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affecting service provision (Pimentel et al. 1997). Maintaining highly diverse

forests in order to provide stable forest ecosystem services is underpinned by

the ‘insurance hypothesis’ (Naeem 1998). This states that each functional group

of organisms inhabiting a forest ecosystem should have a broad membership of

species. Should environmental conditions change and a species become locally

extinct, a diverse forest would contain its substitutes, which would be able to

satisfactorily perform its function. Such a hypothesis, of course, directly contra-

dicts currently preferred forest management methods of growing single species

monocultures to maximise production. Greater use of multi-species mixtures

might become the norm in the near future to ensure long-term viability of forest

cover and ecosystem service provision.

Most of the species diversity of forest ecosystems is contained within their

soils. It could be argued that organisms such as invertebrates, fungi and

microbes easily contain most of the genetic diversity in any forest. Despite this

fact, so far they have received only scant attention in conservation programmes

and there is limited knowledge on their assessment and management. As illus-

trated in this book, soil-inhabiting species play a pivotal role in organic matter

decomposition, nutrient cycling and in the development of forest soils. Lichens

are valuable N-fixing constituents of many forest ecosystems; mycorrhizal fungi

promote regeneration and growth of trees. There are numerous examples show-

ing that it is far easier to establish a forest where all functional groups of forest

soil organisms are present, such as on a recently harvested patch, than in

locations where they have been lost due to prolonged absence of forest cover.

Existing forests, by supporting soil biodiversity, do maintain populations of

predatory and parasitic species, which may limit expansion of certain forest

pests favoured by climatic change.

23711.3 Environmental benefits and ecosystem services of forest soils



References

Aber, J. D. (1992). Nitrogen cycling and nitrogen saturation in temperate forest

ecosystems. Trends in Ecology and Evolution 7: 220–24.

Aerts, R. (1997). Climate, leaf litter chemistry and leaf litter

decomposition in terrestrial ecosystems: A triangular relationship. Oikos

79: 439–49.

Agerer, R. (2001). Exploration types of ectomycorrhizae – A proposal to classify

ectomycorrhizal mycelial systems according to their patterns of differentiation

and putative ecological importance. Mycorrhiza 11: 107–14.

Ainsworth, E. A. & Long, S. P. (2005). What have we learned from 15 years of free-air CO2

enrichment (FACE)? A meta-analytic review of the responses of photosynthesis,

canopy. New Phytologist 165: 351–71.

Allison, F. E. (1973). Soil Organic Matter and its Role in Crop Production.

Amsterdam: Elsevier.

Andrews, J. A. & Schlesinger, W. H. (2001). Soil CO2 dynamics, acidification, and

chemical weathering in a temperate forest with experimental CO2 enrichment.

Global Biogeochemical Cycles 15: 149–62.

Arnolds, E. (1991). Decline of ectomycorrhizal fungi in Europe. Agriculture, Ecosystems

and Environment 35: 209–44.

Barber, S. A. (1995). Soil Nutrient Bioavailability: a Mechanistic Approach. 2nd edition.

New York: Wiley.

Barrett-Lennard, E. G. (2002). Restoration of saline land through revegetation.

Agricultural Water Management 53: 213–26.

Bassirirad, H. (2000). Kinetics of nutrient uptake by roots: responses to global change.

New Phytologist 147: 155–69.

Baudoin, E., Benizri, E. & Guckert, A. (2003). Impact of artificial root exudates on the

bacterial community structure in bulk soil and maize rhizosphere. Soil Biology and

Biochemistry 35: 1183–92.

Bazzaz, F. A. (1990). The response of natural ecosystems to the rising global CO2 levels.

Annual Review of Ecology and Systematics 21: 167–96.

238



Beier, C., Emmett, B. A., Penuelas, J. et al. (2008). Carbon and nitrogen cycles in

European ecosystems respond differently to global warming. Science of the Total

Environment 407: 692–7.

Bennett, K. D., Tzedakis, P. C. & Willis, K. J. (1991). Quaternary refugia of North

European trees. Journal of Biogeography 18: 103–15.

Bergkvist, B., Folkeson, L. & Berggren, D. (1989). Fluxes of Cu, Zn, Pb, Cd, Cr, and Ni in

temperate forest ecosystems – a literature review. Water, Air, and Soil Pollution

47: 217–86.
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scambiabili nel suolo di un pioppeto in condizioni di elevata CO2 e fertilizzazione

azotata. In The annual meeting of the Italian Society of Agricultural Chemistry,

Alghero, 1–4 October 2006.

Lal, R. (2006). Encyclopedia of Soil Science. 2nd edition. New York: Taylor & Francis.

Landre, A. L., Watmough, S. A. & Dillon, P. J. (2010). Metal pools, fluxes, and budgets in

an acidified forested catchment on the Precambrian shield, central Ontario,

Canada. Water, Air and Soil Pollution 209: 209–28.

Larson, J. L., Zak, D. R. & Sinsabaugh, R. L. (2002). Extracellular enzyme activity beneath

temperate trees growing under elevated carbon dioxide and ozone. Soil Science

Society of America Journal 66: 1848–56.

Liiri, M., Setala, H., Haimi, J. et al. (2002). Soil processes are not influenced by the

functional complexity of soil decomposer food webs under disturbance. Soil

Biology and Biochemistry 34: 1009–20.

Likens, G. E. & Bormann, F. H. (1995). Biogeochemistry of a Forested Ecosystem. 2nd edition.

New York: Springer-Verlag.

Likens, G. E., Driscol, C. T., Buso, D. C. et al. (1998). The biogeochemistry of calcium at

Hubbard Brook. Biogeochemistry 41: 89–173.

Lischke, H. & Zierl, B. (2006). Feedback between structured vegetation and soil water in

a changing climate: a simulation study. In Beniston, M. (ed.) Advances in Global

Change Research Climatic Change: Implications for the Hydrological Cycle and for Water

Management, pp. 349–78. The Netherlands: Springer.

Litton, C. M., Raich, J. W. & Ryan, M. G. (2007). Carbon allocation in forest ecosystems.

Global Change Biology 13: 2089–109.

245References



Loladze, I. (2002). Rising atmospheric CO2 and human nutrition: toward

globally imbalanced plant stoichiometry? Trends in Ecology and Evolution

17: 457–61.

Loranger, G. I., Pregitzer, K. S. & King, J. S. (2004). Elevated CO2 and O3 concentrations

differentially affect selected groups of the fauna in temperate forest soils. Soil

Biology and Biochemistry 36: 1521–4.

Lorenz, K. & Lal, R. (2010). Carbon Sequestration in Forests. Dordrecht: Springer.

Lukac, M., Calfapietra, C. & Godbold, D. L. (2003). Production, turnover and

mycorrhizal colonization of root systems of three Populus species grown under

elevated CO2 (POPFACE). Global Change Biology 9: 838–48.

Lukac, M., Lagomarsino, A., Moscatelli, M. C. et al. (2009). Forest soil carbon cycle under

elevated CO2 – a case of increased throughput? Forestry 82: 75–86.

Luo, Y., Su, B., Currie, W. S. et al. (2004). Progressive nitrogen limitation of ecosystem

responses to rising atmospheric carbon dioxide. BioScience 54: 731–9.

Luo, Y. Q., Hui, D. F. & Zhang, D. Q. (2006). Elevated CO2 stimulates net accumulations

of carbon and nitrogen in land ecosystems: a meta-analysis. Ecology 87: 53–63.

Magill, A. H., Aber, J. D., Currie, W. S. et al. (2004). Ecosystem response to 15 years of

chronic nitrogen additions at the Harvard Forest LTER, Massachusetts, USA. Forest

Ecology and Management 196: 7–28.

Majdi, H., Pregitzer, K., Moren, A. S. et al. (2005). Measuring fine root turnover in forest

ecosystems. Plant and Soil 276: 1–8.
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Slovakia: EFRA.

Mirsal, I. A. (2008). Soil Pollution: Origin, Monitoring and Remediation. 2nd edition. Berlin:

Springer.

246 References



Moore, T. R., Trofymow, J. A., Taylor, B. et al. (1999). Litter decomposition rates in

Canadian forests. Global Change Biology 5: 75–82.

Müller, P. E. (1879). Studier over skovjord, som bidrag til skovdyrkningens teori om

bögemuld og bögemor paa sand og ler. Tidsskrift for Skovbrug 3: 1–124.

Naeem, S. (1998). Species redundancy and ecosystem reliability. Conservation Biology

12: 39–45.

Nasholm, T., Ekblad, A., Nordin, A. et al. (1998). Boreal forest plants take up organic

nitrogen. Nature 392: 914–16.

Natali, S. M., Sanudo-Wilhelmy, S. A. & Lerdau, M. T. (2009). Plant and soil mediation of

elevated CO2 impacts on trace metals. Ecosystems 12: 715–27.

Neher, D. A., Weicht, T. R., Moorhead, D. L. et al. (2004). Elevated CO2 alters functional

attributes of nematode communities in forest soils. Functional Ecology 18: 584–91.

Nihlgard, B. (1985). The ammonium hypothesis – an additional explanation to the

forest dieback in Europe. Ambio 14: 2–8.

Nilsen, E. T., Orcutt, D. M. & Hale, M. G. (1996). The Physiology of Plants under Stress. New

York: Wiley.

Nilsson, L. O., Wallander, H., Baath, E. et al. (2006). Soil N chemistry in oak forests along

a nitrogen deposition gradient. Biogeochemistry 80: 43–55.

Nilsson, L. O., Baath, E., Falkengren-Grerup, U. et al. (2007). Growth of ectomycorrhizal

mycelia and composition of soil microbial communities in oak forest soils along a

nitrogen deposition gradient. Oecologia 153: 375–84.

Norby, R. J., Wullschleger, S. D., Gunderson, C. A. et al. (1999). Tree responses to rising

CO2 in field experiments: implications for the future forest. Plant Cell and

Environment 22: 683–714.

Norby, R. J., Ledford, J., Reilly, C. D. et al. (2004). Fine-root production dominates

response of a deciduous forest to atmospheric CO2 enrichment. Proceedings of the

National Academy of Sciences of the United States of America 101: 9689–93.

Norby, R. J., DeLucia, E. H., Gielen, B. et al. (2005). Forest response to elevated CO2 is

conserved across a broad range of productivity. Proceedings of the National Academy

of Sciences of the United States of America 102: 18052–6.

Parsons, W. F. J., Bockheim, J. G. & Lindroth, R. L. (2008). Independent, interactive, and

species-specific responses of leaf litter decomposition to elevated CO2 and O3 in a

northern hardwood forest. Ecosystems 11: 505–19.

Perakis, S. S. & Hedin, L. O. (2002). Nitrogen loss from unpolluted South American

forests mainly via dissolved organic compounds. Nature 415: 416–19.

Peterson, G., Allen, C. R. & Holling, C. S. (1998). Ecological resilience, biodiversity, and

scale. Ecosystems 1: 6–18.

Pimentel, D., Wilson, C., McCullum, C. et al. (1997). Economic and environmental

benefits of biodiversity. BioScience 47: 747–57.

Poszwa, A., Wickman, T., Dambrine, E. et al. (2003). A retrospective isotopic study of

spruce decline in the Vosges mountains (France). Water, Air and Soil Pollution Focus

3: 201–22.

Powlson, D. S., Smith, P., Smith, J. U. et al. (1996). Evaluation of Soil Organic Matter Models:

Using Existing Long-term Datasets. Berlin: Springer.

247References



Pregitzer, K. S., DeForest, J. L., Burton, A. J. et al. (2002). Fine root architecture of nine

North American trees. Ecological Monographs 72: 293–309.

Puhe, J. (1994). Die Wurzelentwicklung der Fichte (Picea abies [L.] Karst.) bei

unterschiedlichen chemischen Bodenbedingungen. Berichte der Forschungszentrum

Waldökosysteme Universität Göttingen A 108: 1–128.

Puhe, J. (2003). Growth and development of the root system of Norway spruce

(Picea abies) in forest stands – a review. Forest Ecology and Management

175: 253–73.

Querejeta, J. I., Barea, J. M., Allen, M. F. et al. (2003). Differential response of delta C13

and water use efficiency to arbuscular mycorrhizal infection in two aridland

woody plant species. Oecologia 135: 510–15.

Raben, G., Anderea, H. & Meyer-Heisig, M. (2000). Long-term acid load and its

consequences in forest ecosystem in Saxony Germany. WASP 122: 93–103.

Raich, J. W. & Nadelhoffer, K. J. (1989). Belowground carbon allocation in forest

ecosystems – global trends. Ecology 70: 1346–54.

Rambal, S. (1984). Water-balance and pattern of root water-uptake by a Quercus coccifera

L evergreen scrub. Oecologia 62: 18–25.

Read, D. J. & Perez-Moreno, J. (2003). Mycorrhizas and nutrient cycling in ecosystems –

a journey towards relevance? New Phytologist 157: 475–92.

Redecker, D., Szaro, T. M., Bowman, R. J. et al. (2001). Small genets of Lactarius

xanthogalactus, Russula cremoricolor and Amanita francheti in late-stage

ectomycorrhizal successions. Molecular Ecology 10: 1025–34.

Rennenberg, H., Loreto, F., Polle, A. et al. (2006). Physiological responses of forest trees

to heat and drought. Plant Biology 8: 556–71.

Rennenberg, H., Dannenmann, M., Gessler, A. et al. (2009). Nitrogen balance in forest

soils: nutritional limitation of plants under climate change stresses. Plant Biology

11: 4–23.

Richter, D. & Markewitz, D. (2001). Understanding Soil Change: Soil Sustainability

over Millennia, Centuries, and Decades. Cambridge: Cambridge University Press.

Rillig, M. C., Field, C. B. & Allen, M. F. (1999). Fungal root colonization responses in

natural grasslands after long-term exposure to elevated atmospheric CO2. Global

Change Biology 5: 577–85.

Rillig, M. C. & Steinberg, P. D. (2002). Glomalin production by an arbuscular

mycorrhizal fungus: a mechanism of habitat modification? Soil Biology and

Biochemistry 34: 1371–4.

Robinson, M., Cognard-Plancq, A. L., Cosandey, C. et al. (2003). Studies of the impact of

forests on peak flows and baseflows: a European perspective. Forest Ecology and

Management 186: 85–97.

Ross, D. J., Newton, P. C. D. & Tate, K. R. (2004). Elevated [CO2] effects on herbage

production and soil carbon and nitrogen pools and mineralization in a

species-rich, grazed pasture on a seasonally dry sand. Plant and Soil

260: 183–96.

Ross, D. S., Matschonat, G. & Skyllberg, U. (2008). Cation exchange in forest

soils: the need for a new perspective. European Journal of Soil Science

59: 1141–59.

248 References



Rothe, A., Kreutzer, K. & Kuchenhoff, H. (2002). Influence of tree species composition

on soil and soil solution properties in two mixed spruce-beech stands with

contrasting history in Southern Germany. Plant and Soil 240: 47–56.

Ryel, R. J., Caldwell, M. M., Yoder, C. K. et al. (2002). Hydraulic redistribution in a stand

of Artemisia tridentata: evaluation of benefits to transpiration assessed with a

simulation model. Oecologia 130: 173–84.
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