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ABSTRACT

Amazonian deforestation is on the rise. Predictive models estimate that agriculture expansion
will soon reduce 40% of forests, diminishing habitat of forest-dwelling species, such as the
endangered black-faced black spider monkey (Ateles chamek). This species has been losing
much of its habitat, particularly along the arc of deforestation in the Brazilian Amazon. In
this study we used species distribution modelling (SDM) to (i) estimate the species
distribution according to environmental predictors; (ii) quantified species’ distribution area
covered by protected areas network; and (iii) quantified species habitat loss, according to
future scenarios of deforestation. We found that the species occupies only ~28% of its extent
of occurrence (model accuracy: TSS = 0.56 + 0.06). Only 32% of the species’ area of
occupancy is legally covered by protected areas, and the species is expected to lose 31 to
40% of its habitat until 2050. We indicate three unprotected regions, with a considerable
amount of current forest cover, that are expected to become severely deforested in the next
decades, as the priority regions for expanding protected area network. We also propose three
human-modified regions as areas for landscape management and restoration. Our study
provides a useful example of how SDM can be applied to assess threats to species and for

supporting decision-makers to implement conservation actions.

KEYWORDS

Deforestation, landscape planning, Maxent, primates, protected areas, reserve design
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INTRODUCTION

Over the past few decades, Amazonian forests have been undergoing unprecedented
disturbances mainly due to the intensification of extensive single-crop agriculture, cattle
ranching, logging and urban footprints (Davidson et al., 2012). Predictive models of
deforestation estimate that, by 2050, agriculture expansion will reduce 40% of forests, and
about one-quarter of mammal species may lose more than 40% of their habitats in the

Amazon (Soares-Filho et al., 20006).

Deforestation is obviously harmful to forest-dwelling species, such as Neotropical primates,
which spend all their lives on trees, rarely coming down to the forest floor or crossing open
areas. Not surprisingly, habitat loss and fragmentation have been considered the main direct
threat to primates (Estrada et al., 2017). Neotropical primates often occupy important trophic
positions in forest food webs (Terborgh, 1983) and usually play an important role as seed
dispersers (Hawes & Peres, 2014), which means that their demise is likely to produce
cascading ecological effects. The Black-faced black spider monkey (Ateles chamek) is an
Amazonian primate species that is listed as Endangered by the [IUCN (Wallace et al., 2008).
The forests in the southern portion of its range are among the hardest-hit areas by
deforestation due to expanding Brazilian agriculture frontier — a region that has been

nicknamed as the ‘arc of deforestation’.

Species distributional data are essential to indicate priority regions for establishing
conservation actions (Brooks et al., 2006). Species distribution models (SDMs) have been
widely recognised as valuable tools in species/habitat conservation plans, reserve design and
habitat management and restoration (Franklin, 2009). These models evaluate the relationships
between occurrences of a target species and a set of spatially-explicit environmental variables

in order to estimate the species’ environmental requirements, and project them in
9
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geographical space. SDMs have been widely applied in conservation science and practice,
which make them usefull for supporting decision-making to inform conservation actions

(Villero et al., 2017).

Here we use SDM to predict the distribution of the black-faced black spider monkey (Ateles
chamek). Our objective is to quantify the areas with highest habitat suitability that are
protected by protected areas and indigenous lands. In addition, we estimate current and future
habitat loss for the species, using two scenarios of deforestation across Amazon Basin
(Soares-Filho et al., 2006). Finally, we propose priority areas for the conservation of this
species, through the implementation of new protected areas, and to the restoration of the

forest landscape connectivity.

METHODS

Species Distribution Modelling

We used the maximum entropy algorithm, in MAXENT 3.3.3, to map habitat suitability for
the species and estimate its potential distribution (Phillips & Dudik, 2008). This algorithm
seeks non-random relationships between species’ occurrences and environmental variables,
building a model that estimates the species potential distribution according to relevant

variables.

We gathered data on species occurrence from the literature, 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]) and personal observation. Age of occurrence records varied
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from 1979 to 2017 (Table S1). We inspected all records, excluding those with uncertain
species identification, inaccurate geographic location or located on areas already deforested.
We only used old records if they were located in areas with current pristine forests, assuming
that the species is still likely to be present and/or that we would model the habitat suitability
for the species at a broader time-frame. After excluding those records, we randomly removed
duplicate records within a 30-km radius, in order to control for the sampling bias (Boria et al.,
2014), as the species’ records in the Amazon are commonly spatially clustered in long-term
and well-studied sites. We obtained a total of 172 occurrence records of A. chamek, from
which 99 were used in the model, after the records filtering (Tab. S1, Appendix 1). Then, we
plotted all records into a GIS environment and created a polygon layer that included all
records. As the range of Amazonian primates are usually limited by large rivers (e.g., Boubli
et al., 2015), we drew the boundaries of this polygon following the rivers, comprising the
entire interfluvial region that included species’ records (see Fig. 1). This polygon was defined
as the species’ ‘extent of occurrence’ (sensu [IUCN, 2012), and it was used to parameterize

the model and to project the species distribution.

We chose 19 freely-available environmental variables that we would expect to somehow
influence species distribution (Tab. S2). These variables consisted of climatic (10),
topographic (4), edaphic (2) and vegetation (3) layers at 10-km resolution. We used the
species’ extent of occurrence polygon to crop the environmental variables and then we
performed a pair-wise correlation test (Tab. S3). We removed all highly correlated variables
(r>10.8|) to avoid collinearity problems (Carvalho et al., 2017). We ended up using nine
predictor variables in the model: (i) temperature seasonality; (i) minimum temperature of
coldest month; (iii) annual precipitation; (iv) precipitation seasonality; (v) annual potential
evapotranspiration; (vi) flooded areas, (vii) compound topographic index, which is a measure

of soil wetness; (viii) high above nearest drainage; and (ix) net primary productivity.
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We used 5,000 random background records and divided the occurrences in 10 subsets (1
training, 9 testing), using the cross-validation technique to validate the model (Phillips &
Dudik, 2008) (see Appendix 2 for further details of model parametrization). We converted

the continuous prediction of habitat suitability into a binary prediction, by setting a threshold of
habitat suitability, above which we considered that habitat is occupied (i.e., species’ ‘area of occupancy’, sensu

TUCN, 2012). We accomplished this task by choosing the threshold with equal sensitive (rate of true
presences) and specificity (rate of true absences). We evaluated model accuracy with the True
Skill Statistic (TSS), an effective and well-accepted measure of accuracy for binary
predictions (Allouche et al., 2006). All procedures were performed on R software version

3.3.3 (R Development Core Team, 2016).

Threats assessment and priority regions for conservation

We used QGIS 2.14 (QGIS Development Team, 2015) to overlay the prediction of species
distribution, the protected areas and indigenous lands (UNEP-WCMC, 2016), and the current
and future scenarios of forest cover modelled by Soares-Filho et al. (2006). These authors
modelled the future patterns of deforestation across the Amazon Basin, from 2002 to 2050,

for two scenarios: (i) a "Business-as-Usual" (BAU) scenario, which considers that current
deforestation trends will continue, highways scheduled for paving will be paved, compliance with legislation

requiring forest reserves on private land will remain low, and new protected areas will not be implemented;
and (ii) a "Governance" scenario, that also considers the current deforestation trends, but
assumes a 50% limit imposed for deforested land within each basin’s sub-region, and that
existing and proposed protected areas play a determinant role in hindering deforestation. We
calculated the extent of areas currently covered by protected areas and indigenous lands, as
well as current and future forested, deforested and non-forest areas within the species’ area of

occupancy.
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Finally, we used these overlaid layers to indicate priority regions for the conservation of
species. We indicated regions for expanding protected area network those regions (i) with
high habitat suitability for the species (> 40 %); (ii) considerably covered by forests (> 75 %
of forest cover); (iii) expected to become severely deforested by 2050 (> 50 % of deforested
area by 2050) because they are not under any protection; and (iv) that are adjacent to existing
protected areas/indigenous lands. Also, we indicated human-modified regions with (i) high
habitat suitability for the species (> 40 %); (ii) that have already become deforested but are
about to become even more devastated (> 70 % of deforested area by 2050); and (iii) are
adjacent to existing protected areas/indigenous lands (i.e., forest continuums), as potential

areas for landscape planning, management and/or restoration.

RESULTS

The habitat suitability and predicted species distribution are shown in Figure 1. According to
our model, the species has a considerably reduced occupied area within its extent of
occurrence, being expected to occupy an area of 927,754 km” (only 28% of the extent of
occurrence). We found that the species is more likely to occur in the central-southern region
of its range, where the habitat suitability is higher (Fig. 1). We also found suitable habitats for
the species in the north-western part of its range, in the Amazonas-Javary interfluviual

region, in Peru; and in the Lower-Jutai and Jurud rivers, in Brazil.

The most important variables in the model were temperature seasonality, net primary
productivity and potential evapotranspiration, which jointly contributed with 57 % to the
model gain in all iterations (24 %, 21 %, and 12%, respectively; Tab. S4). According to our

model, higher forest productivity and higher temperature variation are associated with higher
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habitat suitability for the species. On the other hand, the higher the potential
evapotranspiration (i.e., dryer environments), the lower the habitat suitability for the species.
The mean threshold of equal sensitivity-specificity was 35.75 %, above which we considered
that the species is present. Model averaged TSS score was 0.56 + 0.05 (mean + S.D.), which

gave us a good confidence about the accuracy of our prediction (Appendix 2).

We found that only 297,603 km® (32% of the species’ area of occupancy), fall within
protected areas (231,009 km? — 24%) and indigenous lands (81,489 km® — 8%). Based on the
deforestation estimates (Soares-Filho et al., 2006), until 2002, the species had already lost
15% (~127,306 km?) of the forest cover within its predicted occupied area (Fig. 2). Most of
the forest loss occurred in the Rondonia state, in Brazil. According to the future scenarios of
deforestation, the species may lose 31% (273,287 km?) of its high suitable habitat in the

‘Governance’ scenario, and up to 40% (377,951 km?) in the ‘BAU” scenario (Fig. 2).

We indicated six priority regions for the conservation of species (Fig. 3; Tab. 1). Three of
these priority regions consisted of areas indicated for implementation of new protected areas
(Fig. 3a-c). One of these regions encompasses three South American countries — Peru,
Bolivia and Brazil (Fig. 3a). The other two regions are entirely located Brazil (Fig. 3b) and
Bolivia (Fig. 3¢). We indicated another three human-modified regions as areas for landscape
planning, involving protection of forest remnants, as well as landscape management (Fig 3d-
f). Two of them are located in Ronddnia state in Brazil (Fig. 3d and 3e) and one in Santa

Cruz department, in Bolivia (3f).
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DISCUSSION

Here we compiled the largest ever published dataset to date on 4. chamek occurrence records.
We found that the species occurs beyond the extent proposed by IUCN (Wallace et al., 2008)
(Fig. A1), as it has been previously notified (Palminteri et al., 2011; Rabelo et al., 2014;
Santos-Filho et al., 2017). However, according to our model, the species occupies only about
28 % of its extent of occurrence, which is an empirically-based information that we consider

relevant and that should be taken into account for a species of conservation concern.

Following Soberon & Nakamura’s (2009) definitions, which are also adopted by the IUCN
criteria (IUCN, 2012), the species’ extent of occurrence is the area that is/has been accessible
to the species given its dispersal ability, during a given time-frame. However, it is not
expected that a species occupies its entire extent of occurrence uniformly because of biotic or
environmental limitations. In this context, after having set the threshold of habitat suitability,
above which we expect the species is present, we may assume that: (i) the filled areas within
extent of occurrence (Fig. 1, right map) correspond to the species’ area of occupancy; (ii)
species records located within filled areas correspond to populations occurring on highly-
suitable habitats; and (iii) records located on unfilled areas represent populations occurring on

habitat with environmental constraints.

It may be argued that our model did not predict suitable areas for the species in the Central-
North and Eastern portions of the species’ extent of occurrence because the absence of
records in these regions. However, there have been exhaustive and long-term primate surveys
in those regions that did not record the species or recorded at very low densities (Peres, 1997;
Haugaasen and Peres, 2005; Kasecker, 2006; Bastos, 2012; Gongalves et al, in review).

Therefore, we do not believe that our model was biased by the absence of records in these
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regions. Instead, we believe that these regions were predicted to be unoccupied due to

unsuitable environmental conditions.

According to our model, temperature variation and high net primary productivity were the
most important variables for predicting species distribution (Table S4). Trees in seasonal and
highly-diverse forests tends to produce fruits asynchronously (van Schaik et al., 1993), and
forests with high primary productivity generally have high fruit production (Clark et al.,
2001). Spider monkeys are primary consumers and have been consistently identified to be
among the most frugivorous Neotropical primates (Di Fiore et al., 2008). Thus, we could
expect that areas with higher temperature seasonality and primary productivity would

represent areas with high habitat suitability for the species.

We found that most of the species’ area of occupancy is outside protected areas (68%). As
the habitat loss advances in tropical forests, protected areas become essential refuges for
wildlife. Gray et al. (2016) recently showed that protected areas harbour higher species
richness and abundance than unprotected areas, reinforcing that they are the cornerstone of in
situ conservation of viable populations in natural ecosystems worldwide. Thus, once studies
have consistently shown the role of protected areas and indigenous lands in safeguarding
Amazonian forests (Nepstad et al., 2006; Dobrovolski et al., 2011; Blackman et al., 2017), we
believe that they still are an effective tool for conservation spider monkeys and many other

species.

Although expanding protected area network would help to inhibit habitat loss, this may not
be enough for the conservation of the black-faced black spider monkey. Even under the most
conservative scenario of deforestation (the governance scenario), the deforested area within
species distribution in 2050 is expected to be twice as large as it was in 2002. It is worth

noting that the governance scenario assumes effective implementation of environmental
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legislation across the Amazon basin through the enforcement of mandatory forest reserves on
private properties, agro-ecological zoning of land use and the expansion of PA network
(Nepstad et al., 2002), requiring even some international conservation policies. However, it is
very unlikely that these experiments in frontier governance are going to be refined and
multiplied, especially after the controversial changes in Brazilian legislation regulating land
use on private properties (Soares-filho et al., 2014). Therefore, the BAU is a more realistic
scenario, which will result in a loss of 40% of the forested area within the black-faced black

spider monkey distribution.

We identify six priority regions for the conservation of the black-faced black spider monkey,
all of them currently outside protected areas. Three of these priority regions still have a
considerable amount of forest cover (Fig. 3; Tab. 1), but according to the deforestation
scenarios, these areas are about to become severely deforested because they are not under
protection. Spider monkeys are known for their long daily journeys (460—5,690 m), large
home-ranges (153 — 340 ha), which scarcely overlap with other groups’ home-ranges, often
show a preference for using tall forest types and may avoid edge habitats (Wallace, 2008).
Additionally, they are particularly vulnerable to habitat loss and fragmentation, which means
that large amounts of continuous forest (or at least large forest patches) are more likely to
sustain viable populations of the species (Ramos-Fernandez & Wallace, 2008). Therefore, we
suggest these three regions as priority areas for implementation of new protected areas in

order to conserve these large forest tracts.

We also point out three priority regions where conservation measures for regulating land-use
and management of private lands would help to protect forest remnants and conserve the
species outside reserves. It is worth noting that, due to the scale of our analysis (10-km

resolution), we are targeting wide-scale human-modified regions, where infrastructure
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development and large-scale farming have caused severe habitat loss and fragmentation.
Forest-dwelling species, such as spider monkeys, may potentially persist in human-modified
regions if forest connectivity is managed at the landscape scale (Pardini et al., 2010),
specially because we found a high habitat suitability for the species in these regions. The
restoration of forest connectivity could be planned by the implementation of environmental
legislation that regulates vegetation loss and restoration within private properties, especially
in riparian zones. However, further fine-scale studies must be conducted to base landscape

management within these regions.

Here we provided key information for the conservation of threatened species, required by the
ITUCN and the Brazilian National Action Plans: an update of the species extent of occurrence,
the predicted species’ area of occupancy, the protection status of suitable areas for the species
and a recommendation of priority regions for establishing protected areas and for enhancing
habitat connectivity (e.g., Jerusalinksy et al., 2011). The black-faced black spider monkey is
only one of thousands of species that are being threatened by the land-cover changes in the
arc of deforestation region in the Amazon. This species could be endorsed by conservation
organisations as a flagship species to motivate public support for conservation actions (e.g.,
Home et al., 2009). Our findings will help in the assessment of the conservation status of the
species in red lists, and also in the establishment of goals in National Action Plans for the
conservation of the species. We will pass our recommendations to relevant stakeholders to

facilitate this process.
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409 Table 1. Forest cover in the priority regions for the conservation of the black-faced black spider monkey (4.

410 chamek) according to the future scenarios of deforestation in the Amazon basin (Soares-Fillho et al., 2006).

411 Forest, deforested and non-forest areas are in km?.

2002 2050 (GOV) 2050 (BAU)
Conservation
action Region Land cover Area (%) Area (%) Area (%)
Expansion of  Cruzeiro forest 15618.96 (88.0) 8639.23 (49.5) 1882.73 (10.8)
PA network deforested 1841.24 (10.4) 8522.67 (48.8) 15279.16 (87.5)
non-forest 296.34 (1.7) 296.34 (1.7) 296.34 (1.7)
Assis Brasil forest 60835.13 (91.7) 35579.27 (53.6)  26040.17 (39.3)
deforested 4940.93 (7.4) 30196.79 (45.5) 3973590 (59.9)
non-forest 547.24 (0.8) 547.24 (0.8) 547.24 (0.8)
La Paz forest 16694.67 (74.3) 7849.98 (34.9) 4223.80 (18.8)
deforested 1590.34  (7.1) 10435.03 (46.4) 14061.22 (62.6)
non-forest 4186.26 (18.6) 4186.26 (18.6) 4186.26 (18.6)
Landscape
management Porto Velho  forest 18251.43 (47.3) 3406.89 (8.8) 387.21 (1.0)
deforested 20105.51 (52.1) 34950.05 (90.6)  38187.04 (98.5)
non-forest 209.41 (0.5) 209.41 (0.5) 209.41 (0.5)
Vilhena forest 9545.03 (36.4) 3965.00 (15.0) 57391 (2.2)
deforested 13633.50 (51.9) 19318.24 (73.2)  22630.31 (86.0)
non-forest 3076.97 (11.7) 3108.58 (11.8) 3108.58 (11.8)
Santa Cruz forest 32108.17 (53.8) 13600.90 (22.8) 8030.75 (13.4)
deforested 18990.30 (31.8) 37497.56 (62.8)  43067.72 (72.1)
non-forest 8622.43 (14.4) 8622.43 (14.4) 8622.43 (14.4)
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Figure 1. Habitat suitability and predicted distribution for A. chamek in Amazonia and
Upper-Paraguay basins. The darker the blue, the higher the habitat suitability for the species
within its extent of occurrence (left map). The species predicted distribution (i.e., areas with
habitat suitability > 35.75%) is shown on the right map. The filled blue areas (i.e., species’

area of occupancy) correspond to 28% of the species’ extent of occurrence.

Figure 2. Habitat loss and protected area network cover within A. chamek predicted
distribution in Amazonia, according to the ‘Governance’ and ‘Business as usual’ future
scenarios of deforestation. Pie charts show the percentage of forest (green), deforested
(magenta) and non-forest areas (orange) in each scenario. Data on deforestation scenarios

from Soares-Filho et al. (2013).

Figure 3. Priority regions for the conservation of the black-faced black spider monkey (4.
chamek) in the Amazon. For each region we show the habitat suitability for the species (blue
gradient maps), the forest cover in 2002 and predicted forest cover for 2050 according to the
“BAU” scenario of deforestation. Proposed regions for expanding protected area network: (a)
“Assis Brasil” region includes international borders between Peru, Bolivia and Brazil;
whereas (b) “Cruzeiro” and (c) “La Paz” are entirely located in Brazil and Bolivia,
respectively. Human-modified regions for landscape planning, management and/or
restoration: (d) “Porto Velho” and (e) “Vilhena” regions are entirely located within Rondonia
state, in Brazil; (f) “Santa Cruz” region includes Santa Cruz and Cochabamba departments, in

Bolivia. Data on deforestation scenarios from Soares-Filho et al. (2013).
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