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Abstract
Ecological niche models (ENMs) are widely used tools for predicting species geographic
distribution as a function of environmental variables. The inclusion of biotic factors in the
predictor suite can significantly increase the predictive power of such models, leading to a
model closer to the realized niche for the species under investigation. In this study, we provide
evidence of niche overlap between gray woolly monkeys (Lagothrix cana) and black-faced
black spider monkeys (Ateles chamek) based on locality and ecological data covering their
complete geographic range in the Amazon forests of Brazil, Peru and Bolivia. We also estimate
the potential distribution of L. cana using environmental predictors, and the distribution of A.
chamek as a biotic factor. Finally, we quantified current and future habitat loss and areas under
legal protection. We found that only 39% of the L. cana area of occupancy is under legal
protection and that the species could potentially lose up to 58% of habitat in the next 30 years.
We also show that the use of a closely-related species that has a more robust dataset can improve
ENMs of poorly studied, rare and/or cryptic species. The framework developed here can be
applied to a wide range of sympatric species if they share similar ecological requirements. Since
our focal species are the most frugivorous primates in our study region and especially vulnerable to habitat loss, the identification of highly suitable areas for both taxa can help to protect
other forest-dwelling species, reducing the rate of overall biodiversity loss.
Keywords Ateles chamek  Biotic interactions  Lagothrix cana  Potential geographic
distribution  Predicted habitat loss
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Introduction
The distribution of species is always limited by their dispersal ability, as well as a myriad
of environmental and biotic constraints (Soberón and Nakamura 2009). Ecological niche
models (ENMs) are now widely used as tools to predict species potential geographic
distributions based on environmental variables (Phillips et al. 2006). However, biotic
interactions also play a significant role in limiting species distributions, although these
factors are often neglected in ENMs (Guisan and Thuiller 2005; Godsoe and Harmon
2012). The inclusion of biotic variables within the suite of predictor variables can significantly increase the predictive power of such models (e.g., Anderson et al. 2002), and
can potentially lead to a more accurate realized niche being modeled for a species (Guisan
and Thuiller 2005).
Biotic variables such as competition and other biotic interactions between species (e.g.,
predation, mutualism) can affect species distributions in different ways. For example,
closely-related species can exclude each other from areas of otherwise environmentally
suitable habitat, creating parapatric distributions in which the ranges are contiguous to each
other but do not significantly overlap (Coyne and Orr 2004). Likewise, as a result of
ecological niche conservatism, the ecological characteristics of a genetically related, but
geographically isolated species (i.e. one showing an allopatric distribution) can be used to
predict the geographic distribution of a respective sister taxon (Peterson et al. 1999).
The gray woolly monkey (Lagothrix cana) is an arboreal diurnal Atelinae species that
occurs in the Amazonian forests of Peru, Brazil and Bolivia (Fooden 1963; Iwanaga and
Ferrari 2002), although its range limits are poorly known. The species is considered as
Endangered by the International Union for Conservation of Nature (Boubli et al. 2008).
The black-faced black spider monkey (Ateles chamek) is another member of the Atelinae
subfamily that is also Endangered. It is sympatric with L. cana in most habitats throughout
its range (Iwanaga and Ferrari 2002). Although L. cana and A. chamek are not sister
species, they are closely-related phylogenetically, highly frugivorous and are the most
large-bodied genera within the Amazonian forests (Di Fiore and Campbell 2007; Di Fiore
et al. 2014; Iwanaga and Ferrari 2001). Indeed, spider and woolly monkeys shared a
common ancestor approximately 10 mya (Di Fiore et al. 2014). As a result, it has been
suggested that niche overlap and competition may play an important role in the ecology of
these species (Iwanaga and Ferrari 2001, 2002).
The major ecosystem where the two occur in sympatry is the Amazonian rain forests
that comprises one of the greatest repositories of tropical biodiversity on Earth (Fearnside
1999). It is, however, severely threatened by deforestation (Hansen et al. 2008; Nobre et al.
2016; Lovejoy and Nobre 2018). Both primate species in this study are threatened principally by hunting and habitat loss, being especially vulnerable to fragmentation (Peres
1990, 1991). The extinction of such large atelins can affect forest structure (Stevenson and
Aldana 2008), causing a cascade effect due to their role as seed dispersers (Peres and van
Roosmalen 2002). This alarming situation requires the rapid deployment of practical
methods to predict species distributions and quantify habitat loss. In this context, ENMs
have been used in conservation planning and to advise decision makers on the creation of
new biodiversity protection zones (Rabelo et al. 2018; Boubli et al. 2019). However, to the
best of our knowledge, no study has attempted to quantify the similarity between the
environmental requirements of the two primate species under study at large spatial scales,
nor attempt to understand how the ecological requirements (or ecological niche) of one of
these species might affect the geographic distribution of the other. The presence of these
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primates in protection zones and fragmented landscapes can help protect other forestdwelling species, so reducing the rate of overall biodiversity loss in the Amazonian forests.
Here, we quantify the similarity in environmental requirements for the two species of
Atelinae, the gray woolly monkey (L. cana) and the black-faced black spider monkey (A.
chamek). We estimate the potential distribution of L. cana as a function of environmental
variables and the distribution of its putative competitor species, A. chamek. We then
estimate the overlap between highly suitable areas for both species. Finally, we describe
the conservation status of the areas with highest habitat suitability for L. cana by quantifying the current and future habitat loss, and areas under legal protection.
Previous studies have suggested that niche overlap and competition may have some
important influence in the ecology of these sympatric species (Iwanaga and Ferrari
2001, 2002). Their close relatedness, specialization on fruits, and similarities in feeding
ecology makes them a robust and useful primate-based model for testing hypothesis related
to niche overlap. Thus, we hypothesize that, due to ecological niche conservatism, niche
overlap and ecological similarity between these species would be expected (Peterson et al.
1999; Iwanaga and Ferrari 2001, 2002; Losos 2008). Therefore, we predict a high degree of
ecological niche overlap and no significant differences in the fundamental niche between
these two species. In this sense, the habitat suitability model for A. chamek should positively influence the habitat suitability for L. cana, due to the high similarity in ecological
requirements between these species.

Methods
Study area and data compilation
The study area covered the complete geographic distribution of the two target species,
which comprises three countries (Brazil, Peru and Bolivia), although most of the range of
the species lies within the Amazon forests of Brazil (2° S, 55° W and 15° S, 75° W). Both
species range south of the Amazonas and Solimões rivers. The current southern limit of L.
cana known distribution is the Guaporé River valley between the Brazilian states of
Rondônia and Mato Grosso, but A. chamek has a broader distribution that extends further
south, north and west of the Solimões and Japurá River. While the Amazon rainforest is the
major occupied ecosystem, the study region also encompasses the Cerrado and Pantanal
biomes, including the ecotonal zone between the three types of biome in Brazil.
The database for L. cana occurrence was compiled by gathering information from field
data collected for the current study, plus unpublished records and gray literature, as well as
peer-reviewed scientific literature and online datasets [such as the Global Biodiversity
Information Facility—GBIF (www.gbif.org); SpeciesLink (splink.cria.org.br); and
Macaulay Library at the Cornell Lab of Ornithology (www.macaulaylibrary.org)]. Of the
records obtained, we excluded those older than 1990, to avoid either uncertain species
identification, inaccurate geographic location or localities in areas now deforested (Online
Resource 1 Table S1). We randomly removed duplicate records within two classes of
distance (5- and 10-km) in order to control for the sampling bias from highly sampled areas
(Renner et al. 2015). We obtained a total of 77 occurrence records for L. cana, of which 69
and 64 were retained within 5- and 10-km buffering area, respectively (Online Resource 1
Table S1).
We plotted all records into a GIS environment and created a polygon layer that included
all accepted records. We drew the boundaries for this polygon by following large rivers,
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comprising the interfluvial regions that included species’ records (see Online Resource 3
Fig. S2). As the ranges of Amazonian primates are usually limited by large rivers (Ayres
and Clutton-Brock 1992; Boubli et al. 2015), this polygon was defined as the species’
extent of occurrence. We also obtained 172 occurrence records of the black-faced black
spider monkey (A. chamek), and the polygon of its extent of occurrence, as given in Rabelo
et al. (2018).
We used 49 freely available, spatially explicit environmental variables that could reasonably be expected to influence a primate species distribution (Online Resource 1
Table S2). These variables consisted of climatic (19), topographic (4), edaphic (20), and
vegetation (6) layers at 5-km resolution. We chose this resolution because Lagothrix spp.
are known to have long daily travel distances (up to 3,582 m; Di Fiore and Campbell
2007), and estimated home ranges that can reach up to 1,021 ha in L. cana groups (Peres
1996), thus, matching the spatial resolution with the biology and ecology of the species.
Also, our study scale is in accordance with the scale considered by decision makers when
developing most environmental conservation policies, i.e., the landscape scale (Monjeau
2010).
We also included a layer concerning A. chamek habitat suitability (Rabelo et al. 2018),
to evaluate its effect as a potential predictor of L. cana distribution. We created a * 55-km
buffer of the convex hull of all L. cana records and used this polygon to crop the stack of
all predictor layers. We then removed all highly correlated variables (r [ |0.7|) to avoid
collinearity effects. After running preliminary models, we also removed predictor variables
that were negatively dropping the model training gain and reducing model performance.
We used a final set of twelve environmental layers to model L. cana potential geographic
distribution (Online Resource 1 Table S3).

Niche overlap
We extracted the values of all environmental variables at L. cana and A. chamek occurrence locations, using all 77 L. cana and 172 A. chamek records. These values represent the
range of environmental requirements for both species. We then built a matrix with all
records of both species on the rows and their respective values of environmental variables
in columns, with column values centered and scaled to the same range of variation
(mean = 0, standard deviation [SD] = 1, Legendre and Legendre 2012). We then used a
principal coordinate analysis (PCoA), based on the Euclidean dissimilarity index, to
condense the environmental requirements of each species into a smaller number of axes.
Since principal component analyses are computed from the eigenvectors using a matrix of
covariance or correlation (Legendre and Legendre 2012), we retained all environmental
variables for this analysis. Scores from the first two axes derived from this ordination were
used to represent the environmental niche of the species in a bi-dimensional space. We
used a permutational multivariate analysis of variance (PERMANOVA) to evaluate
whether the environmental requirements (or environmental niche) differed between the
two species.

Species distribution modelling and threats assessment
We used the maximum entropy algorithm in MAXENT 3.3.3, to map habitat suitability for
L. cana and estimate its potential distribution (following Phillips and Dudı́k 2008). This
algorithm seeks non-random relationships between species occurrences and environmental
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variables, building a model that can be used to estimate a potential species distribution
according to the most relevant variables. We chose this algorithm because MaxEnt has
consistently demonstrated modelling accuracy with limited datasets (e.g. \ 25 localities,
Thorn et al. 2009).
We used 5,000 random background records and divided the occurrence data into
training and testing (30% for training and 70% for testing), using a cross-validation
technique to validate the model (Phillips et al. 2006). We performed an AIC model
selection procedure to evaluate the best buffer scale for occurrence record filtering (i.e., 0-,
5- or 10-km radius), and the inclusion of the layer representing the A. chamek distribution
among the predictor variables. Since records can also be biased by spatial clustering in
better-surveyed areas (Oliveira et al. 2016), and because these are generally influenced by
ease of access, we also included the distance to rivers and roads as a layer of bias control,
which would indicate the habitat suitability for the species independent of such proximity
(Warton et al. 2013). We then used the ENMevaluate function from ENMeval R package
(Muscarella et al. 2014) to evaluate and choose the best model parametrization (features
and regularization multiplier), according to the AIC (see Online Resource 2 for further
details).
After having built the model, we chose a threshold of habitat suitability above which we
considered that the species is likely to be present. We achieved this by finding the threshold
in the receiver operating characteristic (ROC) curve that has maximum sensitivity (i.e., the
proportion of observed presences that are predicted as such) and specificity (i.e., the
proportion of correctly predicted absences). We then evaluated model accuracy with the
true skill statistic (TSS), an effective and well-accepted measure of accuracy for binary
predictions (Allouche et al. 2006). TSS is obtained from sensitivity and specificity
(TSS = Sensitivity ? Specificity -1). It ranges from -1 to ?1 and values close to ?1
indicate accurate predictions, whereas values B zero are no better than random predictions.
To assess the overlap between highly suitable areas for both species, we extracted the
values of predicted habitat suitability for each species from 5000 random points across the
area of overlap within the species’ extents of occurrence. We then used these values to
perform a Pearson’s correlation. Finally, we mapped the combined habitat suitability to
identify highly suitable areas for both species.
To quantify the areas under legal protection, the area of occupancy estimated by our
final model was projected on the protected areas and indigenous land maps published by
Juffe-Bignoli et al. (2015). We then calculated the extent of areas currently covered by
protected areas and indigenous lands within L. cana area of occupancy. We calculated
habitat loss by the same procedure using the current and future forest cover layers modelled by Soares-Filho et al. (2006). Forest cover projections across the Amazon basin were
modelled by these authors under two different scenarios. At one end is the ‘‘Business-asUsual’’ (BAU) scenario, which essentially considers current deforestation trends, plus the
combined effects of low effectiveness of legislation on private land, infrastructure
development, and no implementation of new protected areas. At the other end, the
‘‘Governance’’ (GOV) scenario assumes an improved level of environmental laws
enforcement across the Amazon basin, imposing that no more than 50% of forest in private
land can be deforested, and ensuring the expansion of the protected areas network. Using
these projections, we calculated how much of the available habitat for L. cana was lost up
until 2002, and how much would be lost by 2050 under each scenario. We used the R 3.3.3
software (R Core Team 2018) for all data processing and modelling.
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Results
The representation of the ecological niche of the gray woolly monkey (L. cana) and the
black-faced black spider monkey (A. chamek) using the two first PCoA axes based on 49
environmental variables shows a high degree of niche overlap between the two species
(Fig. 1). Also, in accordance with our hypothesis, we did not observe significant difference
between the environmental niche of L. cana and A. chamek (PERMANOVA, F = 10.9,
P = 0.44), showing that the two species share very similar environmental niche
requirements.
The model that most likely explained the distribution of L. cana was the one including
the environmental variables and the habitat suitability layer for A. chamek among the
predictor variables (Table 1). The selected filtering distance was 10-km, resulting in the use
of 64 occurrence records. Chosen model parametrization indicated by the ENMevaluate
function was based on linear, quadratic and hinge features, and a regularization multiplier
of 1.5, which generates a more restricted/conservative prediction (see Online Resource 2
for further details). Model averaged TSS score was 0.53 ± 0.01 (mean ± SD). Habitat
suitability and predicted species distribution are shown in Fig. 2.
The maximum sensitivity–specificity mean threshold was 33%, above which we considered the species to be present. According to our model, the species can potentially
occupy an area of 412,250 km2, which constitutes only 23% of its extent of occurrence
(1,791,200 km2). The species is more likely to occupy the south-eastern, south-western and
northern regions of its range, areas we estimated as having higher habitat suitability
(Fig. 2).
The most important variables in the model were mean annual temperature, temperature
seasonality, occurrence of arenosols, and the distribution of A. chamek, which jointly
contributed 70% to model gain in all iterations (32%, 17%, 12% and 9%, respectively;

Fig. 1 Environmental niche overlap between L. cana and A. chamek. The graph shows the bi-dimensional
space of environmental conditions used by woolly and spider monkeys at the occurrence locations (points),
which was accessed by a principal coordinate analysis (PCoA). Fawn and blue polygons represent the
environmental volume occupied by woolly and spider monkeys, respectively. Dashed lines highlight the
overlap between the species niches. The observed overlap area was not different from the expected overlap
area over a null distribution (see main text for statistical results)

123

Biodiversity and Conservation
Table 1 Ranking of L. cana candidate models according to AIC selection procedure
Model

#par

AICc

DAICc

AICw

Buffer 10-km (with A. chamek)

11

1400.15

0

0.82

Buffer 10-km (without A. chamek)

10

1403.15

3.00

0.18

Buffer 5-km (with A. chamek)

11

1506.32

106.17

0.00

Buffer 5-km (without A. chamek)

10

1510.65

110.50

0.00

Buffer 0-km (with A. chamek)

12

1680.02

279.87

0.00

Buffer 0-km (without A. chamek)

10

1681.26

281.11

0.00

We built candidate models considering: three buffer distances (0-, 5- and 10-km), within which we filtered
duplicate records in order to control for the effect of spatial intensity of points; and with or without the
inclusion of A. chamek distribution among the predictor variables. In all models, L. cana occurrences (with
different spatial scales of filtering) are the response variable as a function of combinations of environmental
variables with or without A. chamek distribution

Fig. 2 Habitat suitability and predicted distribution for L. cana in Amazonia. The darker the red, the higher
the habitat suitability for the species within its extent of occurrence (map left). The predicted species’ area of
occupancy (i.e., areas with habitat suitability [ 33%) is shown on the right hand map. The species’ area of
occupancy (dark gray areas) correspond to 23% of its extent of occurrence

Online Resource 1 Table S3 and Fig. S1). According to the model, higher annual temperature and temperature variation were associated with lower habitat suitability for the
species. On the other hand, the higher the percentage of arenosols and habitat suitability for
A. chamek, the higher the habitat suitability for L. cana.
We found a positive correlation between habitat suitability for L. cana and A. chamek
(R = 0.27, p \ 0.01; Fig. 3), which implies some level of spatial overlap in the suitable habitat for both species. The combined habitat suitability for both species allowed us
to identify the areas with a high habitat suitability for both species (Fig. 3).
We found that only 39% (159,250 km2) of the species area of occupancy is within
protected areas (81,400 km2 – 20%) and indigenous lands (77,850 km2 – 19%). Based on
deforestation estimates, the species had already lost 23% of its highly suitable habitat by
2002 (Table 2), with most of the forest loss occurred in the Rondônia State, in southern
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Fig. 3 Geographical niche overlap between L. cana and A. chamek. Correlation between the spatial habitat
suitability for both species (graph, left) with 5000 randomly chosen points across the area of overlap within
the species’ extents of occurrence. The distribution curves of habitat suitability for both species are shown in
the graph margins. The combined habitat suitability for both species is shown in the right hand map. The
darker the red, the higher the habitat suitability for both species

Amazonian Brazil (Fig. 4). In the coming decades, the species is expected to lose up to
58% of the forest cover available in 2002 (Table 2; Fig. 4).

Discussion
In this study, we set out to test hypotheses regarding niche overlap between L. cana and A.
chamek, and whether species with more robust datasets can improve ENMs of poorly
studied, rare and/or cryptic species, when they share similar ecological requirements. We
found a high similarity in the environmental niche of the two species at the broader scale
(i.e. encompassing the species’ complete geographic distributions). Preliminary evidence
also suggests that there might be considerable niche overlap at the local scale when the two
species occur in sympatry (Iwanaga and Ferrari 2001). While niche overlap in primates is
usually evaluated at small scales, investigations at broader or combined spatial resolutions
can help to infer the processes that have shaped species distributions (Cardillo and Warren
2016). Our results suggest that the high similarity between these species niches is
Table 2 Current and future forest cover within the species estimated area of occupancy (AOO), based on
two future scenarios of deforestation (governance, business as usual) in the Amazon basin (Soares-Filho
et al. 2006)
Forest cover

2002 area, km2 (%)

2050 area, km2 (%)
(Governance)

(Business as usual)
340,959

Available forest

340,959

340,959

Forest loss

79,465 (23)

132,922 (39)

196,255 (58)

Remaining forest

261,494 (77)

208,037 (61)

144,704 (42)

123

Biodiversity and Conservation

Fig. 4 Current and future habitat loss within L. cana predicted distribution in Amazonia. Maps show the
accumulated forest loss until 2002 and the predicted forest loss by 2050 according to the ‘Governance’
(map, left) and ‘Business as usual’ (map, right) scenarios. Deforestation scenarios data from Soares-Filho
et al. (2006)

compatible with the conservatism of ecological niches and phylogenetic signal across
moderate time scales (Peterson et al. 1999; Losos 2008), since spider monkeys diverged
from the remaining atelins about 10.6 mya (Di Fiore et al. 2014). Additionally, although
the distribution of L. cana is entirely embedded within the range of A. chamek, sympatry of
these species is not syntopic across the entire range, as considerable areas of allopatry also
occur (Iwanaga and Ferrari 2002). Therefore, a complex combination of ecological forces
(e.g., regional and local variation in the degree of interspecific competition), together with
historical biogeographical process (e.g., dispersal factors), and local hunting pressure may
have shaped the current distributions of these species.
Our analysis produced a clear potential distribution area with predicted habitat suitability for L. cana. Mean annual temperature, temperature seasonality, arenosols and the
distribution of A. chamek were the most important variables within the model. Patterns of
temperature are widely used as a surrogate for net primary productivity (Schloss et al.
1999), while seasonal fluctuations associated with soil moisture cycles are known to affect
fruit, flower and leaf phenology in tropical rain forests (van Schaik et al. 1993). Changing
patterns in these variables could have significant influence on temporal reliability and
productivity of resources (e.g., Schloss et al. 1999), which is of paramount importance for
both woolly and spider monkeys, two of the most frugivorous primate genera of the
Neotropics (Chapman and Chapman 1990; Di Fiore et al. 2008; Hawes and Peres 2014;
Gonzalez et al. 2016). Therefore, we can expect that climate variables can indirectly
influence primate species distribution through direct effects on plant phenology and distribution (Stevenson 2014). Additionally, Amazonian endemic species such as L. cana, is
likely to be tightly linked to climatic, hydrological and/or soil conditions (Sombroek 2000),
restricting its occurrence to specific areas within the Amazon biome, where such species
should have a relative advantage in competition with, and ecological adaptations over,
other species.
Both L. cana and A. chamek are already facing the threat of extinction due to such
human activities as deforestation and hunting (Boubli et al. 2008; Peres 1990). Additionally, they are also exposed to projected future temperature changes that could reach
1.5 °C greater than global average warming rates (Graham et al. 2016). Precipitation is
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also predicted to vary dramatically across these primate ranges and may reach more than
7.5% increases or decreases per °C of global mean warming (Graham et al. 2016).
Therefore, in the future deforestation scenarios predicted here, these species will be at risk
of being also dangerously impacted by climate changes. The other threat that was also
predicted to increase is that of wildfires which, under the same BAU scenario used in this
study for 2050 predictions, are expected to be exacerbated by extreme weather events and
land use in southern Amazonia in the coming decades (Brando et al. 2020).
Ateles chamek habitat suitability was among the most important predictors positively
affecting L. cana distribution and habitat suitability. Biotic interactions are an important
theoretical mechanism, but one that is frequently absent from most ENMs, even though it
can potentially lead to a more accurate estimation of the realized niche for the species
being modeled (e.g., Anderson et al. 2002). Our study clearly demonstrates this
improvement in model performance, as inclusion of A. chamek distribution enhanced
model’s goodness-of-fit (Table 1; see Guisan and Thuiller 2005 for discussion). In addition
to being applied to primates, this approach provides a bottom-line for optimizing conservation planning of poorly studied, rare and/or cryptic species. Ecologically equivalent
taxa with robust datasets can be used as a tool to predict species distribution and determining conservation status of less studied endangered species due to the urgency of
conservation planning (Shekelle and Salim 2009).
Regarding the conservation status of L. cana, we found that only 39% of its area of
occupancy occurred within indigenous lands and protected areas. Both these protected area
categories are of paramount importance for ensuring in situ protection of wildlife and
preventing deforestation (Nepstad et al. 2006). The parsimonious scenario (‘‘Governance’’,
Soares-Filho et al. 2006) predicts a loss of more than one third (39%) of the species area of
occupancy (most included in Brazil’s territory) in the next five decades. However, although
Brazil’s Forest Code has brought some optimistic possibilities to deforestation reduction in
Amazonia, controversial revisions were made in 2012 (Soares-Filho et al. 2014), which
may reduce its effectiveness. These included, for example, reducing the protection of
sensitive areas and amnesty for illegal deforestation (Brancalion et al. 2016). Also, environmental legislation is under threat of being rolled back with the cloudy future of the
political instability in Brazil. Recently, a Provisional Measure was passed on January 1st
(PM N° 870, 2019), transferring the responsibility of identifying, delimiting and demarcating indigenous lands from the National Indigenous Foundation (Fundação Nacional do
Índio—FUNAI) to the Ministry of Agriculture, an organ of executive power widely known
to be heavily influenced by the Brazilian agribusiness lobby. Another Law Project (PL No
1551, 2019) proposes to revoke Chapter IV of Da Área de Reserva Legal, Law Number
12.651, of May 25, 2012, which in its Article 12 says that ‘‘All rural properties must
maintain an area of native vegetation cover, as a Legal Reserve’’, observing minimum
percentages stipulated based on the property size and vegetation type. Therefore, the BAU
scenario seems to be more realistic for the near future, this being one in which the gray
woolly monkey will lose more than half (58%) of its forest habitat available in 2002 over
the next 30 years.
A wide area with high habitat suitability for L. cana and A. chamek falls within the
southwestern Brazilian Amazon, in a region that has been called the ‘‘arc of deforestation’’.
Habitat loss and ongoing deforestation within this region are the main threats, which is an
important area of endemism for a wide variety of taxa (Gascon et al. 2001; da Silva et al.
2005; Michalski et al. 2008). Although both analysed ateline primates are highly susceptible to habitat fragmentation and hunting (Robinson and Redford 1986; Peres 1990),
they are relatively abundant in this region’s forests (Iwanaga and Ferrari 2002), even in
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relatively small fragments (Iwanaga and Ferrari 2001; Cavalcante et al. 2018). This
reinforces the conclusion that hunting pressure on these populations is currently low and
that privately-owned forests have great potential to contribute to in situ conservation
strategies for these species (Peres 1990; Iwanaga and Ferrari 2001, 2002; Cavalcante et al.
2018). Therefore, these regions should be a priority area for the implementation of new
protected areas and corridors for both species, as has been repeatedly proposed (Iwanaga
and Ferrari 2001, 2002; Cavalcante et al. 2018; Rabelo et al. 2018). Also, an improvement
in the regulation of land-use in private properties should be put into practice for conservation purposes, since approximately 53% of Brazil’s native vegetation exists on private
land (Soares-Filho et al. 2014).
Our model represents the first attempt to estimate the geographic distribution of L. cana
across its complete range using ENM with the largest representative sample published to
date. We have shown that the species has lost a significant portion of its highly suitable habitat, and it is expected to lose much more in the next three decades, especially
because most of the species area of occupancy is unprotected. The results of our study can
help to direct conservation efforts by providing valuable information for the conservation
of the gray woolly monkey, as required by the Brazilian National Action Plans
(Jerusalinsky et al. 2011). We also found strong evidence of ecological niche overlap
between sympatric L. cana and A. chamek, and show the importance of using a closelyrelated species with more robust datasets to improve ENMs of poorly studied, rare and/or
cryptic species. The multi-species framework developed here can be applied to a wide
range of sympatric species if they have similar ecological requirements. Our two focus
species are the most frugivorous primate species in our study region, and particularly
vulnerable to habitat loss. Therefore, the identification of highly suitable areas for both taxa
can help to protect other forest-dwelling species, so reducing the rate of overall biodiversity loss; a model applicable to other communities similarly threatened.
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Instituto Chico Mendes de Conservaçao da Biodiversidade ICMBio, Brası́lia
Juffe-Bignoli D, MacSharry B, Bingham H, Deguignet M, Kingston N (2015) World Database on Protected
Areas User Manual 1.0. UNEP-WCMC, Cambridge
Legendre P, Legendre LF (2012) Numerical ecology. Elsevier, Amsterdam
Losos JB (2008) Phylogenetic niche conservatism, phylogenetic signal and the relationship between phylogenetic relatedness and ecological similarity among species. Ecol Lett 11:995–1003
Lovejoy TE, Nobre C (2018) Amazon tipping point. Sci Adv 4:1–2. https://doi.org/10.1126/sciadv.aat2340
Michalski F, Peres CA, Lake IR (2008) Deforestation dynamics in a fragmented region of southern
Amazonia: evaluation and future scenarios. Environ Conserv 35:93–103
Monjeau A (2010) Conservation crossroads and the role of hierarchy in the decision-making process. Nat
Conserv 8:112–119
Muscarella R, Galante PJ, Soley-Guardia M, Boria RA, Kass JM, Uriarte M, Anderson RP (2014) ENMeval:
An R package for conducting spatially independent evaluations and estimating optimal model complexity for Maxent ecological niche models. Methods Ecol Evol 5:1198–1205
Nepstad D, Schwartzman S, Bamberger B, Santilli M, Ray D, Schlesinger P, Lefebvre P, Alencar A, Prinz
E, Fiske G (2006) Inhibition of Amazon deforestation and fire by parks and indigenous lands. Conserv
Biol 20:65–73
Nobre CA, Sampaio G, Borma LS, Castilla-Rubio JC, Silva JS, Cardoso M (2016) Land-use and climate
change risks in the Amazon and the need of a novel sustainable development paradigm. Proc Natl Acad
Sci USA 113:10759–10768
Oliveira U, Paglia AP, Brescovit AD, de Carvalho CJ, Silva DP, Rezende DT, Leite FSF, Batista JAN,
Barbosa JPPP, Stehmann JR (2016) The strong influence of collection bias on biodiversity knowledge
shortfalls of Brazilian terrestrial biodiversity. Divers Distrib 22:1232–1244
Peres CA (1990) Effects of hunting on western Amazonian primate communities. Biol Conserv 54:47–59
Peres CA (1991) Humboldt’s woolly monkeys decimated by hunting in Amazonia. Oryx 25:89–95
Peres CA (1996) Use of space, spatial group structure, and foraging group size of gray woolly monkeys
(Lagothrix lagotricha cana) at Urucu, Brazil. In: Norconk MA, Rosenberger AL, Garber PA (eds)
Adaptive radiation of Neotropical primates. Plenum Press, New York, pp 467–488
Peres CA, van Roosmalen M (2002) Primate frugivory in two species-rich neotropical forests: implications
for the demography of large-seeded plants in overhunted areas. In: Levey DJ, Silva WR, Galetti M
(eds) Seed dispersal and frugivory: ecology, evolution and conservation. CABI Publishing, Wallingford, pp 407–421
Peterson A, Soberón J, Sánchez-Cordero V (1999) Conservatism of ecological niches in evolutionary time.
Science 285:1265–1267
Phillips SJ, Dudı́k M (2008) Modeling of species distributions with Maxent: new extensions and a comprehensive evaluation. Ecography 31:161–175
Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy modeling of species geographic distributions. Ecol Model 190:231–259
R Core Team (2018) R: a language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna
Rabelo RM, Goncalves JR, Silva FE, Rocha DG, Canale GR, Bernardo CSS, Boubli JP (2018) Predicted
distribution and habitat loss for the Endangered black-faced black spider monkey (Ateles chamek) in
the Amazon. Oryx. https://doi.org/10.1017/S0030605318000522
Renner IW, Elith J, Baddeley A, Fithian W, Hastie T, Phillips SJ, Popovic G, Warton DI (2015) Point
process models for presence-only analysis. Methods Ecol Evol 6:366–379
Robinson JG, Redford KH (1986) Body size, diet, and population density of Neotropical forest mammals.
Am Nat 128:665–680
Schloss AL, Kicklighter DW, Kaduk J, Wittenberg U (1999) Comparing global models of terrestrial net
primary productivity (NPP): comparison of NPP to climate and the Normalized Difference Vegetation
Index (NDVI). Glob Chang Biol 5:25–34

123

Biodiversity and Conservation
Shekelle M, Salim A (2009) An acute conservation threat to two tarsier species in the Sangihe Island chain,
North Sulawesi, Indonesia. Oryx 43:419–426
Soares-Filho BS, Nepstad DC, Curran LM, Cerqueira GC, Garcia RA, Ramos CA, Voll E, McDonald A,
Lefebvre P, Schlesinger P (2006) Modelling conservation in the Amazon basin. Nature 440:520–523
Soares-Filho BS, Rajão R, Macedo M, Carneiro A, Costa W, Coe M, Rodrigues H, Alencar A (2014)
Cracking Brazil’s forest code. Science 344:363–364
Soberón J, Nakamura M (2009) Niches and distributional areas: concepts, methods, and assumptions. Proc
Natl Acad Sci USA 106:19644–19650
Sombroek W (2000) Amazon landforms and soils in relation to biological diversity. Acta Amazon
30:81–100
Stevenson PR (2014) Potential determinants of the abundance of woolly monkeys in neotropical forests. In:
Defler TR, Stevenson PR (eds) The woolly monkey: behavior, ecology, systematics, and captive
research. Springer, New York, pp 207–226
Stevenson PR, Aldana AM (2008) Potential effects of Ateline extinction and forest fragmentation on plant
diversity and composition in the Western Orinoco Basin, Colombia. Int J Primatol 29:365–377
Thorn JS, Nijman V, Smith D, Nekaris K (2009) Ecological niche modelling as a technique for assessing
threats and setting conservation priorities for Asian slow lorises (Primates: Nycticebus). Divers Distrib
15:289–298
van Schaik CP, Terborgh JW, Wright SJ (1993) The phenology of tropical forests: adaptive significance and
consequences for primary consumers. Annu Rev Ecol Syst 24:353–377
Warton DI, Renner IW, Ramp D (2013) Model-based control of observer bias for the analysis of presenceonly data in ecology. PLoS ONE 8:e79168. https://doi.org/10.1371/journal.pone.0079168
Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Afﬁliations
Thiago Cavalcante1,2 • Anamélia de Souza Jesus3,4,5 •
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