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a b s t r a c t
The native tropical seaweed Kappaphycus alvarezii from the Indo-Paciﬁc region has been introduced in many
countries because it is the main source of raw material for the carrageenan industry. In Brazil, K. alvarezii aquaculture is allowed in 300 km of the southeastern coast. The aim of this study was to analyze the risk of invasion
of this species along the entire Brazilian coast to design public policies and to minimize environmental risks associated with aquaculture. The risk analysis was based on: K. alvarezii suitability models (GARP and MAXENT),
coral reef presence, substrate preferences for establishment, and the probability of occurrence of nine species
of herbivores that are potential feeders. An invasibility index was created from these parameters and published
data of ﬁeld experiments were used for calibration. The maximum values of suitability corresponded to regions
with low temperature ranges, low nitrate availability, high irradiance, and high salinity. Three invasion risk classes were established. The areas of high risk are the eastern and northeastern regions, where the main Atlantic
coral reefs are found. This is a priority area for global marine conservation. K. alvarezii introduction is not recommended in this area and the cultivation of native species must be prioritized. The area of medium risk is mainly in
the northern region, where local ﬁeld scale experiments are recommended before widespread introduction. The
area of low risk is the southeastern region, where K. alvarezii farming has been established since 2004 with no
evidence of invasion. However, considering the high capacity of acclimation of this species, permanent monitoring is recommended, even in areas having a low risk of invasion.
Statement of relevance: We state the relevance of our paper in commercial aquaculture since we presented a
consistent environmental risk analysis for K. alvarezii that according to FAO is the most cultivated seaweed in
the world. Our aim is to contribute for development of sustainable seaweed aquaculture, subsiding data to minimize environmental risks associated with K. alvarezii introduction. This kind of analysis also can be adapted to
other countries. Our results indicate safe areas to extend K. alvarezii cultivation, areas where the native seaweed
should be cultivated and with those conclusions encouraging the expansion of the commercial seaweed aquaculture and highlight for high environmental risks in coral reef areas.
© 2015 Published by Elsevier B.V.

1. Introduction
Kappaphycus alvarezii is the main source of raw material for the carrageenan industry. Because of its high productivity and well-established
cultivation techniques, this species has been introduced in many tropical and subtropical countries (Bixler and Porse, 2010; Pickering et al.,
2007). In Brazil, experimental cultivation began in the 1990s in the
state of São Paulo (Paula et al., 1999) and commercial cultivation
began in 1998 in the state of Rio de Janeiro (RJ), at Ilha Grande Bay
(Castelar et al., 2009a; Hayashi and Reis, 2012). In 2004, K. alvarezii
farms expanded to Sepetiba Bay, RJ, and have now become the second
most important mariculture activity in RJ, following mussel cultivation
⁎ Corresponding author at: Av. das Américas 31501, Rio de Janeiro, CEP 23032-050 RJ,
Brazil.
E-mail address: beatrixcastelar@gmail.com (B. Castelar).
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0044-8486/© 2015 Published by Elsevier B.V.

(MPA, 2013). The annual commercial production in Brazil is yet incipient, around 1200 tonnes (wet weight) that means around U$500,000
(unpublished data) and the cultivation method used is tubular netting
ﬁxed on ﬂoating rafts (Reis et al., 2015).
Castelar et al. (2009a,b) observed a low invasive potential for
K. alvarezii off the southern coast of RJ. They suggested that, as a safety
measure, environmental monitoring should continue and the
introduction of this species should be avoided in the northeast,
where environmental conditions may be more favorable for invasion. Despite Brazilian environmental laws that allow the commercial cultivation of this species only in certain parts of southeastern
Brazil, new introductions are unduly occurring (Araújo, 2013;
Oliveira Filho, 2005).
Invasions by species of Eucheuma and Kappaphycus in tropical
regions have been reported in Hawaii, Venezuela, and India (Barrios
et al., 2007; Chandrasekaran et al., 2008; Conklin and Smith, 2005),
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more than 10 years after the introduction and were associated with
coral reefs. Not all exotic species have invasive behavior or can be
classiﬁed as invasive species (Pickering et al., 2007; Simberloff and
Rejmánek, 2011; Williams and Smith, 2007). K. alvarezii was introduced
in more than 20 countries, including Brazil, with only three reports of
invasions (Ask et al., 2003).
However, predictions about invasions are uncertain as they require
analysis of interactions among several factors, such as the similarity
between the introduced environment and the original environment,
the presence of competitors and consumers, and the susceptibility of
the receiving environment to invasion (Boudouresque and Verlaque,
2002; Pickering et al., 2007; Schaffelke et al., 2006). The use of predictive modeling to assess the invasive potential of exotic species has
been widely used as a tool in coastal management (Peterson, 2003;
Peterson et al., 2003a,b; Thuiller et al., 2005).
The aim of this study was to identify the areas on the Brazilian coast
most susceptible to invasion by the alien algae K. alvarezii. These data
will aid in the development of public policies and, consequently, help
in minimizing the environmental risks associated with aquaculture, by
indicating the areas most suitable for the cultivation of this species
and by encouraging the use of this model in other tropical countries.
2. Material and methods
The invasive potential of K. alvarezii on the Brazilian coast was evaluated using a risk analysis map based on (1) suitability models for this
alga; (2) a map of the coral reefs, the preferred substrate of the species,
and (3) the K. alvarezii herbivory probability.
2.1. Suitability models of K. alvarezii
Twenty-two records, obtained from publications (Doty, 1985; Silva
et al., 1987; Silva et al., 1996; Zuccarello et al., 2006), of the natural occurrence of K. alvarezii in the tropical Indo-Paciﬁc were used as training
points for the creation of the distribution potential models. To validate
the models, four records of introduction followed by invasion (Barrios
et al., 2007; Chandrasekaran et al., 2008; Conklin and Smith, 2005)
were used as external test points. The abiotic data bases used were
Bio-Oracle with environmental layers at a spatial resolution of 5′
(Tyberghein et al., 2012) and Aquamaps with spatial resolution of
30′ (Kaschner et al., 2008). To match the resolution of the environmental layers of the bases and to allow the matrix calculations,
Aquamaps layers were converted from 30′ to 5′, without additional
information.
The choice of the predictor variables used in the model was based on
the biology of the species. Subsequently, a principal components analysis (PCA) based on 3000 random points on the intertropical world map
was used to eliminate highly correlated variables (p N 0.8). The environmental variables used to generate the model were mean surface seawater temperature (SST mean, °C), surface seawater temperature range
(SST range, °C), maximum depth of sea (DEPTH, m), mean irradiance
(Photosynthetic Active Range-PAR; photons m−2 s−1), salinity (Practical Salinity Scale—PSS), nitrate concentration (NO3−, μmol · L−1) and
pH of the seawater.
The selected environmental layers were cut between latitudes 45°N
and 45°S (intertropical). The algorithms used were Genetic Algorithm
for Rule-set Production (GARP) and Maximum Entropy (MAXENT).
These algorithms are compatible with the low numbers of available information on the natural occurrence of the species, are from the same
algorithm family, incorporate machine learning, and, among the nine algorithms tested, had acceptable accuracy values (N 70%), area under the
curve (AUC N 0.7), correct classiﬁcation rate and sensitivity (N0.7), and
omission error (b 0.3). The models were created using the
OpenModeller program-http://openmodeller.sourceforge.net/ (Muñoz
et al., 2009) and Maxent-www.cs.princeton.edu/~schapire/maxent/

(Phillips et al., 2006). The threshold used was the minimal presence
value.
2.1.1. K. alvarezii suitability index
An index of K. alvarezii suitability on the Brazilian coast was created from the ensemble of the models. The models were added and
divided by the highest suitability value generating a map with
values from 0 to 1 where the highest values indicate the higher
suitability of K. alvarezii.
2.1.2. K. alvarezii herbivory probability map
A K. alvarezii herbivory probability map was created using eight
native ﬁsh species from Acanthuridae (Acanthurus bahianus and
Acanthurus coeruleus) and Scaridae (Scarus coeletinus, Sparisoma
axilare, Sparisoma chrysopterum, Sparisoma frondosum, Sparisoma
radians, and Sparisoma viride), and using the turtle, Chelonya
mydas. Those families are considered the most abundant in coral
reefs (Tolentino-Pablico et al., 2007) and, according to Ask and
Azanza (2002), they are the main consumers of K. alvarezii. Furthermore, six of the eight ﬁsh species considered in this study
were recorded by Carvalho (2011) as consumers of K. alvarezii
seedlings in Rio de Janeiro farms. Additionally, Costa (2008) and
Castelar et al. (2009b) reported C. mydas as a consumer of
K. alvarezii seedlings. The herbivory probability map was constructed by summing the suitability maps for each species (available in aquamaps.org) divided by the highest value of suitability
which generated values between 0 and 1, where higher values indicate greater probability of herbivores over K. alvarezii.
2.1.3. Brazilian coral reefs maps
In the vicinity of Brazilian coral reefs (Ministry of Environment
map), a buffer zone of 20 km was created aiming for better protection
for these ecosystems. A binary map of occurrence and inﬂuence of
coral reefs (Rpr) was generated with this information.
2.1.4. Invasibility index
An invasibility index (Iid) was created based on the K. alvarezii suitability map (Ksu), on the herbivore probability map (Hpr) and on the
Brazilian coral reef map (Rpr). The analytic hierarchy process method
(Saaty, 2008) was used to assist in assigning weights to the factors.
Rpr was rated as being of moderately higher importance to Ksu (class
3 of Saaty, 2008) and both Rpr and Ksu classiﬁed as being of strong
importance on Hpr (class 5 of Saaty, 2008), which led to the generation
of the formula: Iid = Ksu ∗ 0.378 + Rpr ∗ 0.578 + (Hpr − 1) ∗ 0.084. A
greater relevance was attributed to Rpr because it is the proper
substrate for K. alvarezii colonization and has optimum environmental conditions for the growth of K. alvarezii. It is expected that
coral reef areas have environmental conditions favorable for the
growth of K. alvarezii. The herbivore–seaweed relationship can be
speciﬁc and vary widely among regions. Furthermore, it is common
for this ecological relationship not to be established between species in the absence of coevolution, resulting in native generalist
herbivores that do not consume introduced species (Hoddle,
2004). Based on this ecological principle and considering the lack
of studies quantifying the consumption of K. alvarezii by native herbivores, we assumed that the presence of those herbivores does not
guarantee high consumption of K. alvarezii and decided to diminish
the importance of Hpr compared to other factors.
2.1.5. Risk analysis map
The risk analysis map (RAM) of the Brazilian coast was constructed
from the Iid values categorized into three classes: low, moderate, and
high invasion risk by K. alvarezii. Areas with Iid values equal to or
lower than the maximum obtained on the southern coast of RJ were
classiﬁed as having low invasibility. The exotic seaweed was introduced
15 years ago in this state. Commercial cultivation was legalized in this
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area in 2008, and the seaweed has not been invasive (Castelar et al.,
2009b; Figueiredo and Tâmega, 2007). Areas with Iid values equal to
or greater than the minimum Iid observed in areas with corals were
considered to have high invasion risk. Areas with values between the
low and high thresholds were considered to be of moderate invasion
risk. Because the introduction of K. alvarezii for aquaculture is intentional, risk analysis was concentrated on the coast. The RAM included the
area within 50 km of the coast. The division of the Brazilian coast for
map projections was not based on geopolitical limits, but on ecoregions
(Spalding et al., 2007), and was adapted from Leão et al. (2003).
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Table 1
Minimum (Min), median, mean (deviation standard), and maximum (Max) values of environmental variables related to K. alvarezii occurrence. Depth max (from Aquamaps); nitrate, irradiation (PAR), pH, salinity, mean surface seawater temperature (SST mean); and
range surface seawater temperature (SST range) (from BioOracle).
Variable

Min

Median

Mean (SD)

Max

Depth max m
Nitrate μmol L−1
PAR μmol m−2 s−1
pH
Salinity PSU
SST mean °C
SST range °C

104.0
0.418
41.76
8.19
33.22
26.6
1.0

788.5
0.537
44.29
8.21
33.79
29.1
4.1

1021.0 (982.3)
0.600 (0.3)
45.04 (2.5)
8.21 (0.0)
33.94 (0.4)
29.0 (1.0)
3.9 (1.4)

4294.0
1.532
49.19
8.26
35.07
30.7
6.5

2.2. Statistical analysis
For a better understanding of the relationship between environmental variables and Ksu, a PCA of environmental values was performed for 1616 points distributed in the zone within 50 km of
the Brazilian coast. To detect environmental similarities between
the natural conditions of occurrence of K. alvarezii and the conditions on the Brazilian coast, 22 points of natural conditions and
four points where invasions were reported were used to validate
the models, for a total of 1642 points. The matrix of variables was
standardized prior to PCA to eliminate differences in scale and analyzed to eliminate highly correlated variables (r N 0.8). Therefore,
the mean surface seawater temperature was excluded.
The relationship between each environmental variable and Ksu
was analyzed by adjusting nonlinear models (Lowess curves, using
locally-weighted polynomial regression) for all points of the background (n = 1616) and separately for the northern coast (lower
latitude 5°S) and the northeastern/eastern (latitude between 5°
and 18.3°S) coast to detect regional differences in the importance
of the variables. Differences among environmental variables between invasion risk class (low, medium, and high) were tested
using the Kruskal–Wallis test and a pairwise comparison post-hoc
test (Siegel and Castellan, 1988).
The maps and geographic analyses were performed with ArcMaps
9.3 and statistical analyses were performed using statistical environment R (R Core Development Team, 2013). The selection of uncorrelated variables was performed using the FindCorrelation function from the
caret package and standardization of variables and PCA were performed
using the vegan package (Oksanen et al., 2013). Both Kruskal–Wallis
and the pairwise post-hoc test are implemented in function kruskalmc
in the R package pgirmess (Giraudoux, 2014).

3. Results
3.1. K. alvarezii suitability index
The variability of the environmental data associated with the points
of natural occurrence of K. alvarezii is shown in Table 1. The environmental suitability models created for the Brazilian coast based on
these predictors for algorithms GARP (Fig. 1a) and MaxEnt (Fig. 1b)
showed similar responses and together formed the K. alvarezii suitability index for the Brazilian coast (Ksu) generated by the ensemble of
models (Fig. 1c).
In general, the highest values of Ksu were concentrated at low latitudes in the northern, northeastern, and eastern Brazilian coasts with
the exception of areas under the clear inﬂuence of the Amazon River
plume. The lowest values were concentrated toward the southeast
and off-shore.
Coral reefs occur along the Brazilian northern, northeastern, and
eastern coasts, from 0° to 18°S, except in areas with high freshwater inﬂuence (Leão et al., 2003). Fig. 1d shows the coral reefs and a 20 km
buffer zone around the reefs, which is considered as a safeguard zone
for these ecosystems (Rpr) in this study.

3.2. Herbivory probability
On the herbivory probability map (Hpr), higher values were also observed at lower latitudes (Fig. 1e), indicating a greater probability in
Eastern Maranhão (MA) and the northern coast of Rio Grande do
Norte (RN) and lower probability toward the Amazon mouth and to
the south, with the exception of the southeastern area between the
south of the Espírito Santo (ES) and the north of São Paulo (SP),
where the values of Hpr varied between 0.25 and 0.50.
3.3. Invasibility index
The invasibility index of the Brazilian coast by K. alvarezii (Iid;
Fig. 1f), based on the three parameters, Ksu, Rpr, and Hpr, showed that
the highest values of Iid (N0.63) were restricted to the lower latitudes
in regions with coral reefs, even with values of Hpr = 0.5. Intermediate
values (0.15 b Iid b 0.63) were concentrated at low latitudes, in regions
without coral reefs and with high herbivory pressure, or in high latitudes where low suitability and absence of coral reefs were offset by
lower herbivory probability. Finally, low Iid values (b0.15) were concentrated in intermediate latitudes, without coral reefs and where the
Ksu and Rpr values were intermediate, and even in remote areas of
the coast outside the safeguard zone of coral reefs. This information is
summarized in Fig. 2, which shows a RAM of the three classes of invasion risk.
3.4. Statistical analysis
In relation to environmental variability on the Brazilian coast and its
relationship with Ksu according to PCA (Fig. 3), the ﬁrst two axes together explained 78% of the variability of the data (axis 1: 45.8%, axis
2: 32.3%). The maximum values of Ksu corresponded to regions with
low values of temperature range and nitrate availability and high values
of PAR and salinity. The PCA revealed two major gradients along the
Brazilian coast, which converge in the area of highest suitability. The
ﬁrst one contains increasing levels of nitrate and decreasing levels of
pH and salinity, with high PAR and low temperature variation. The second is associated with depth and decreasing PAR, and with increasing
temperature range. The environmental conditions in the areas of natural habitat as well as places of invasion were similar to the areas with
the highest Ksu.
When evaluated separately (Fig. 4), the variables followed the two
gradients found in the PCA and, in general, corresponded to the variation in environmental conditions along the northern coast (upper latitude 5°S) and along the northeast and east coast (latitude between
5°S and 18.3°S) toward the southeast region (which is not shown in
the ﬁgure since it has the lowest Ksu values). Despite the high variability
of environmental conditions along the Brazilian coast, the highest
values of Ksu showed low dispersion, corresponding to optimal values
for the survival of algae (Fig. 4). With respect to invasibility, signiﬁcant
differences were observed in all parameters between the low, medium,
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Fig. 2. Risk analysis map of introduction of K. alvarezii for aquaculture purposes in Brazil.

and high invasion risk classes (Fig. 5), except for the PAR between classes of low and medium risk.
4. Discussion
The environmental variability of the points of natural occurrence of K. alvarezii as well as the high suitability of low latitudes
for the growth of K. alvarezii indicated in the models and in the
Ksu corroborate previous studies on this species. K. alvarezii is a
tropical species whose natural distribution is restricted to latitudes
between 20°N and 20°S to areas protected by coral reefs, with
transparent oligotrophic waters and without freshwater inﬂuence
(Doty, 1987; Hayashi et al., 2010; Mshigeni, 1979, Trono, 1993).
The only environmental variable that should be interpreted
with caution is the maximum depth, because it does not indicate
the real values of the occurrence of the depth of the species in its
natural environment, nor does it indicate greater environmental
suitability. In fact, the natural occurrence of K. alvarezii is restricted
to shallow subtidal areas. The high values of maximum depth records associated with naturally occurring seaweed are explained
by the fact that the Indo-Paciﬁc region is characterized by a complex geology, with high tectonic activity and active continental

margins (Bock et al., 2003), which results in narrow continental
shelves and great depths (hundreds of meters) a few miles from
the coast.
The facts that the spatial resolution of this environmental layer
is originally from 30′, about 50 km (Aquamaps), and that the depth
range within each pixel is high, give the false idea that K. alvarezii
has high suitability at great depths. Although the Brazilian coast
is characterized by a passive continental margin, the northeast
has a narrow continental shelf, where the depth range per pixel is
also high. This similarity was detected in both models (Fig. 1a and
b).
The Brazilian northern, northeastern, and eastern sectors have environmental conditions that resemble those of the natural occurrence of
this species, and are also favorable for the formation of coral reefs
(Spalding et al., 2001). This region contains the largest and most continuous coralline reefs of the Atlantic, with unique characteristics and high
endemism (Leão et al., 2003). For this reason, the northwestern part of
the South Atlantic Ocean is considered one of the priority areas for biodiversity conservation in the world (Olson and Denerstein, 2002). This
area includes at least four Marine Priority Areas for Conservation: the
Abrolhos Marine National Park (17.7°S, 39°W) in Bahia (BA); Costa
dos Corais Environmental Protection Area (9.2°S, 35.2°W) in

Fig. 1. Suitability models of K. alvarezii on Brazilian coast generated by GARP (A) and MAXENT (B); suitability index map (C); Brazilian coral reef map (D), herbivory probability map
(E) and invasibility index of Brazilian coast by K. alvarezii (F).
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Fig. 3. Principal components analysis of environmental variables (depth max; nitrate, irradiation — PAR, pH, salinity, mean surface seawater temperature — SST mean, and range
surface seawater temperature — SST range) used for suitability index of K. alvarezii in
Brazilian coast (Ksu). Gray tones indicate Ksu; black points indicate natural occurrence
of K. alvarezii; and red points indicate invasion cases.

Pernambuco (PE) to Alagoas (AL); Fernando de Noronha National Marine Park (3.8°S, 32.4°W) in PE and Recifes de Coral Environmental Protection Area (5.3°S, 35.3°W) in Rio Grande do Norte (RN) (Ferreira
and Maida, 2006).
The risk analysis, even with herbivory probability greater than
0.5, indicated high invasion risk by K. alvarezii in the northeastern
and eastern sectors, including around São Pedro Island, São Paulo
Island, Fernando de Noronha Island and the Manuel Luís Parcel, in
northern Brazil. Thus, according to Castelar et al. (2009b), the introduction of K. alvarezii aquaculture in this region is not recommended and the cultivation of native species should be
encouraged. Good results have been obtained with the agarophyte
Gracilaria birdiae (Bezerra and Marinho-Soriano, 2010) and the
carragenophyte Hypnea musciformis (Câmara–Neto, 1987) in the
north and northeast. However, due to the lack of incentive to establish cultivation technologies for native species, and a lack of effective public policies regarding the cultivation of exotic species in
Brazil, to date, the aquaculture of native species is in its infancy
and irregular introductions of K. alvarezii continue. In fact, exotic
species lead the production of aquatic organisms in Brazil
(Roubach et al., 2003), notwithstanding the fact that scientiﬁc efforts have focused on the production of native species (Antonio
et al., 2009; Baldisserotto and Gomes, 2010; Braga et al., 2011;
Castelar et al., 2014; Reis et al., 2006).
Our results are not in accordance with studies developed in
Paraíba (PB; Fig. 2) at the northeastern Brazilian coast, which indicated a low invasive potential of K. alvarezii in this region (Araújo,
2013). In that survey, the dispersion of the algae was restricted to
the beaches nearby the cultivation area, no reproductive structures
were found in the beach-cast seedlings of K. alvarezii, and the low
risk of invasion was attributed to the fact that the strain cultivated
in Brazil is genetically similar to the commercial strains considered
to have the lowest invasiveness in the world (Araújo et al., 2013;
Zuccarello et al., 2006).

However, considering that the irregular cultivation in the
northeast is an artisanal cultivation, initiated around 2000, and
the risk of invasion needs to be considered in both spatial and temporal scales, variations in invasibility results may occur. If the Government allows the K. alvarezii aquaculture in this area, the
artisanal cultivation area will be transformed to commercial cultivation areas, increasing the exotic species biomass in the sea. Additionally, a lag time exists in the invasion processes between the
introduction and the beginning of the invasion (Sakai et al.,
2001). In general, with macroalgae this lag time is between 5 and
10 years (Lyons and Scheibling, 2009). Considering the three invasions reported by Conklin and Smith (2005), Barrios et al. (2007)
and Chandrasekaran et al. (2008), for Kappaphycus spp., this period
is N 10 years.
In addition, invasion processes associated with macroalgae depend
not only on the degree of invasiveness of the species, but also on the interaction between various abiotic factors, e.g., strength and direction of
coastal currents; and biotic factors such as community diversity and
herbivores beyond the condition of the receptor environment
(Boudouresque and Verlaque, 2002; Lyons and Scheibling, 2009;
Schaffelke et al., 2006). According to Pickering et al. (2007), the invasion by K. alvarezii in Hawaii was restricted to coral reefs in an
urbanized area of Kaneohe Bay and those coral reefs were weakened by eutrophication. Despite the fact that most of the coral
reefs of the Brazilian coast are within protected areas, cases of
bleaching have been reported and are associated with thermal
anomalies of surface seawater (Castro and Pires, 1999; Leão et al.,
2008). Other anthropogenic pressures such as blast ﬁshing (personal observation), disorderly occupation of the coast and, especially, deforestation of mangroves (Spalding et al., 2001) also
contribute to the increased vulnerability of this ecosystem in
Brazil. The more disturbed an ecosystem, the greater the variability
in resource availability for the established native species, so the
lower is its resistance against invasions (Dunstan and Johnson,
2007; Simberloff and Rejmánek, 2011).
Since anthropogenic disturbances can also inﬂuence the success of
biological invasions, government laws and policies regarding coastal development, navigation, ﬁsheries, and aquaculture should prevent these
disturbances. Thus, in alignment with environmental priorities suggested for Latin American coastal habitats, prioritizing conservation of
some of the most threatened marine ecosystems, mainly under challenges of climate changes and their consequences (Turra et al., 2013),
the introduction of K. alvarezii in northeastern and eastern sectors of
the Brazilian coast is not recommended and the development of the
aquaculture of native species should be encouraged.
The areas classiﬁed as having medium invasion risk are concentrated in almost all the north, some areas in the east outside the
safeguard zones of coral reefs, in the southeast and in the extreme
south of the country. Intermediate values of Iid were observed for
the northern and eastern coasts despite the high environmental
suitability, because of the high herbivory probability, especially between Eastern Maranhão and Rio Grande do Norte states, and the
absence of coral reefs in some areas. On the other hand, for the extreme southern coast, including the Patos Lagoon (RS), the absence
of herbivore species considered in this study contributed to intermediate values of Iid, even with low values of Ksu and absence of
coral reefs.
It is noteworthy that Hpr indicates the herbivory probability
limiting the K. alvarezii growth and, thus, suggests the possibility
of consumption of this species. Recent ecological studies have
pointed out that there is a positive relationship between abundance and distribution of species suitability (Kulhanek et al.,
2011; Tôrres et al., 2012; Weber and Grelle, 2012). It is reasonable
to assume that the higher herbivory abundance in a region leads to
higher chances of seaweed consumption. However, Hpr cannot be
considered as an indication of the rate of K. alvarezii consumption,
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Fig. 4. Correlations of environmental variables (depth max; nitrate; irradiation — PAR; pH; salinity; mean surface seawater temperature — SST mean; and range surface seawater temperature — SST range) versus K. alvarezii suitability in Brazilian coast (Ksu).

because the studies that quantify the herbivory pressure on native
and exotic algae and populational data of these herbivories are still
scarce in Brazil (Carvalho, 2011).
The medium invasion risk recorded for the northern portion of the
southeastern coast (ES and extreme east of RJ) showed intermediate
values of both Ksu and Hpr, despite coral reefs not being present in
these areas. Among the regions with medium risk, this should receive
more attention with respect to the decision to introduce K. alvarezii.
The ES and the Cabo Frio region (eastern part of RJ) are considered to
be the regions of highest diversity of macroalgae on the Brazilian coast
(Brasileiro et al., 2009; Horta et al., 2001). In spite of the fact that most
diverse environments are less susceptible to invasions (Kennedy et al.,
2002), endemic algae were recorded in the Cabo Frio region (Brasileiro
et al., 2009) and consequently the introduction of K. alvarezii is not
recommended.
In general, in other areas classiﬁed as having medium invasion risk,
it is recommended that local studies be conducted prior to introduction.
This should include a survey of environmental data, potential feeders,
and the structure of benthic communities. The introduction should
be done on a pilot scale and monitoring protocols instituted. Even if
invasibility is proven to be low, monitoring must be ongoing.
Castelar et al. (2009a) suggested a monitoring protocol for
K. alvarezii for the Brazilian coast which consists of the evaluation
of the occurrence and establishment of reproductive structures

and the dispersal and survival of seedlings off the farm. This protocol received a good response from both the national environmental
agency (IBAMA) and the farmers. Currently, the legislation allows
the K. alvarezii aquaculture between southern Rio de Janeiro and
northern São Paulo. Continuous environmental monitoring conducted by the farmers is required.
The points associated with higher values of Ksu, and therefore, the
classes of high and medium invasion risk, were positively correlated
with the maximum depth, PAR, and salinity, and negatively correlated
with nitrate availability. Indeed, K. alvarezii is a tropical species that occurs in marine salinity (Reis et al., 2011) and has low nitrogen requirements (Lopes et al., 2009).
Regarding the areas classiﬁed as low environmental risk that
showed Iid equal or smaller than the areas where K. alvarezii has been
commercially cultivated for over 10 years, the results of monitoring
studies showed that seedlings did not colonize the natural substrates
and hence high invasibility was not detected (Figueiredo and Tâmega,
2007; Castelar et al., 2009b). These characteristics are prevalent in the
southeastern coast between latitudes 20° and 30°S, except the Cabo
Frio region (eastern RJ). In southeastern Brazil, where there is no formation of coral reefs, Ksu was low and the Hpr range was high (0 to 0.7).
According to the PCA, the points of this class were positively correlated
with the maximum depth, but the interpretation of this correlation is
related to the fact that the continental shelf in the southeast coastal
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Fig. 5. Range and median of environmental data related to each risk class — low, medium, and high.

area is extensive. Therefore, the value of maximum depth was correlated to shallow areas and not on the continental slope as in the northeast.
In this region, Ksu was negatively correlated with the range temperature
and with PAR showing that the subtropical conditions, seasonality, are
not appropriate to the establishment of this alga. In this class, the
K. alvarezii aquaculture does not represent an environmental risk,
however, constant monitoring is recommended.
Low Iid values indicate low invasive potential, but may also indicate
low productivity of the species for cultivation. This makes it necessary to
evaluate the feasibility of cultivating this alga on a large scale through
pilot experiments. In southeastern RJ, the growth rates of K. alvarezii
were up 3.5% day−1 (Góes and Reis, 2012) which enables their commercial cultivation. Further south, in Santa Catarina (SC) low winter temperatures have hampered production during this season (Hayashi
et al., 2011).
K. alvarezii is described as a species with low speciﬁc requirements,
but the results of the environmental analysis for the Brazilian coast
pointed to the existence of narrow ranges for high suitability of this
species. Considering the geographic space, these optimal conditions
are at the convergence point of the prevailing conditions in the north
coast, deeply inﬂuenced by the Amazon River plume, and the eastern
and northeastern Atlantic coast, inﬂuenced by latitude and season and
limited by PAR. These optimal values in the tropical region partly explain the low invasive power of this species in the southeastern region
and reinforce the importance of not extrapolating conclusions about
the invasibility among areas with different environmental

conditions. On the other hand, the environmental differences
among invasibility classes improve the efﬁciency of classiﬁcation
and probably enhance the interpretation of the environmental
limits of each class when the variables are jointly evaluated.
It must be considered that, as with all other models, this one has
some limitations. Firstly, space limitations, as in accordance with
the spatial scale used local variations were not considered and by
using this model on a local scale the environmental risks can be
overestimated or underestimated. Considering the constant environmental changes in marine environments due to the synergy
among the various sources of disturbance and even global climate
change, there are also temporal limitations. Another important
limitation is the need to improve the use of herbivores in the
model. This could be a consistent factor with the existence of information about herbivores' effects on the exotic seaweed, such as the
inclusion of invertebrates like sea urchins and mollusks (e.g.
Aplysia sp.) and other ecological relationships such as competition
and epiphytism.
Our results highlight the need to reevaluate the Brazilian legislation
related to K. alvarezii aquaculture by increasing the cultivation areas in
southeastern Brazil, prohibition of the commercial cultivation in the
northeastern and eastern areas, and the establishment of monitoring
protocols for each case as suggested for the medium risk class. Evaluations similar to those of this study are extremely important for
sustainable aquaculture in tropical countries. Furthermore, including
environmental issues in the Government law on the cultivation of exotic
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species would help in reducing environmental risks through aquaculture activity.
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