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Abstract: Fragmentation threatens biodiversity and forest-dwelling animals can be especially
vulnerable. Neotropical primates inhabit forests and play ecological roles in maintaining forest
biodiversity. Currently, many primate communities are restricted to forest fragments. We (1) evaluated
the influence of environmental, matrix, and site attributes on species richness and functional traits of
primates in the Neotropics; and (2) evaluated the effect of the sub-region on the relationships between
primates and environmental, matrix, and site attributes. We conducted literature searches to find
published data on primate communities in forest fragments throughout the Neotropics. Each fragment
was assigned to 1 of 11 sub-regions: Mesoamerica, Tumbes-Chocó-Magdalena, Caribbean, Orinoco,
Amazon, Atlantic Forest, Cerrado, Chaco, Andes, Caatinga, and Pampa. Based on actual and expected
species occurrences, we calculated the proportion of primate species retained in the fragments, the
mass retained, and dietary items retained considering reproductive and vegetative plant parts and
prey. We used linear mixed models to correlate primate variables with environmental, matrix, and
site attributes. Fragment area was more important for primate retention than environmental, matrix,
and site attributes, with primate retention being higher in larger fragments. Fragment size was
positively correlated with all primate variables, except for retention of prey consumption, whose
retention decreased as water bodies and density of buildings in the matrix increased. Fragments
within protected areas retained larger species than unprotected fragments. The proportion of extant
mass retained and vegetative plant parts in the diet were highest in Mesoamerica and lowest in the
Atlantic Forest. Conservation planning of Neotropical primates should consider both the differences
among sub-regions, forest restoration to increase fragment size, and the creation of new protected
areas, even in fragmented landscapes.
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1. Introduction

The Earth is in the midst of the sixth mass extinction, making strategies for effective biodiversity
conservation increasingly necessary [1]. As a key threat to biodiversity, deforestation is still increasing
around the world, leading to reduced species richness and impaired ecosystem functions [2,3].
Habitat fragmentation leads to forest patches of different sizes surrounded by a matrix composed
of anthropogenic components [4–8]. Forest patches with remaining populations can suffer local
extinctions, as population size alone may not guarantee long-term viability, and organisms may not
have the ability to leave the patch and travel through the matrix to colonize other forested areas [3,9,10].
As moving between patches through the landscape may be necessary to maintain populations, species
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survival may also depend on matrix permeability [11], which can be driven by inherent factors (e.g.,
climatic conditions, hunting pressure, and differences in agricultural activities) related to regions that
host those animals and matrices [12,13].

Although Neotropical primates are primarily forest-dwelling animals, some species are able to
use non-forested environments in the matrix for short periods [14,15]. Therefore, it is necessary to
understand how the matrix (i.e., the nonhabitat surrounding the fragment [10]) is related to primate
occurrence. Globally, primate species richness is highest in the Neotropical region, with 171 species
distributed from Southern Mexico to Northern Argentina [16]. Primates are important components of
forest biodiversity as seed dispersers, pollinators, and modifiers of both nutrient cycling and forest
structure [17–20]. As such, primates occurrence is correlated with the species richness of understory
plants [21]. Additionally, primates are important both culturally and as a food resource for many
ethnic groups [22], and their extirpation from forests could be related to the loss of aboveground forest
biomass [23]. Currently, 36% of Neotropical primates species are threatened and several species are
restricted to fragmented landscapes [16].

Studies from fragmented forests in the Neotropical region have shown that fragment size is the
primary correlate of primate species richness, abundance, and occurrence [6,24,25]. Higher connectivity
between fragments is also associated with primate occurrence [26,27]. The intensity of human impacts
(e.g., wildfires, timber extraction, hunting, roads, and agricultural fields) has negative effects on the
occurrence and population structure of primates in Neotropical fragmented landscapes [24,28].

The common response of primates to habitat loss, fragmentation, and degradation is population
decline; however, the persistence of primate species in fragmented landscapes can be mediated by their
functional traits [16]. Species with smaller home ranges, smaller body sizes, and lower proportions
of fruit in their diet are able to occupy smaller fragments [6,25]. Loss of primates with certain traits
could have negative consequences for ecological processes, such as seed dispersal [20]. Loss of Atelids
(primates with large home ranges, bigger body sizes, and higher proportions of fruit in their diet) in
different Neotropical sub-regions has been shown to affect recruitment patterns of large-seeded species
in the Amazon [29], Orinoco basin [30], and Chocó-Darién [31].

Natural variation in primate species richness shows marked differences between Neotropical
sub-regions and continents [16,32]. Such differences depend on both biotic and abiotic attributes. Forest
structure (biotic attribute) is the main driver of primate diversity in the Neotropics, but precipitation
(abiotic attribute) is the main driver in Asia [32]. Environmental conditions inherent to each sub-region
can influence the economic, social, political, and cultural context, and consequently modify the nature
of matrices that surround forest patches that host primate species [12,33].

Therefore, attributes of the regions need to be considered to make robust primate conservation
plans. Whereas large-scale studies have assessed the effect of patch size, fragment age, and connectivity
on primates across the Neotropics [34–36], at a continental scale, little is known about the effects
of matrix attributes such as length of roads and number of human settlements. Attributes such as
these have, at least locally, been shown to affect the occurrence of Neotropical large mammals [37,38].
Notwithstanding protected areas being recognized as preserving primate populations locally [39,40],
no large-scale evaluation of their effectiveness for primate conservation has been conducted.

In this study, we aimed to investigate how primate communities respond to matrix components
(e.g., human settlements and roads) surrounding the forest fragments, site-level attributes (e.g., forest
height, net primary productivity, and protection status), and environmental factors (temperature and
precipitation), in the Neotropical region and between Neotropical sub-regions. We evaluated the
influence of environmental features, matrix components, and site attributes on species richness and
functional traits of primates in the Neotropical region, considering the effect of the Neotropical
sub-region on the relationships between primates and matrix components and site attributes.
We expected that species retention, especially the larger ones, will be lower in small fragments and in
those fragments surrounded by matrices that are more hostile to primates (e.g., more infrastructure
and higher roads density) due to smaller population sizes and reduced gene flux, leading to genetic
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deterioration [41,42]. We predicted that primates that consume higher amounts of vegetative plant
parts will persist in small fragments due the plasticity in their diet and higher availability of this food
item [43]. The same trend may be expected regarding primates that heavily rely on prey, which may
benefit from the fact that disturbances in the matrix increase populations of invertebrate prey [44,45].
Retention of reproductive plant part consumption will decline sharply because large-bodied frugivorous
primates (e.g., spider monkey) are the first going extinct in small fragments [25]. Finally, we predicted
that species persistence will be different among sub-regions due to differences both environmental
conditions and species composition, and that fragments within protected areas will retain more species
than unprotected fragments.

2. Materials and Methods

2.1. Literature Review

We conducted literature searches in Web of Science, Scopus, Scielo, and Google Scholar to find
studies that reported on primate species composition in forest fragments in the Neotropical region.
We used three key words (‘primates’, ‘habitat loss’, and ‘fragmentation’) in English, Spanish, and
Portuguese in combination with 19 Neotropical primate genera [46]: Alouatta, Aotus, Ateles, Brachyteles,
Cacajao, Callicebus, Callimico, Callithrix, Cebuella, Cebus, Chiropotes, Lagothrix, Leontopithecus, Mico,
Oreonax, Pithecia, Saguinus, Saimiri, and Sapajus.

The initial search returned 3491 studies (journal articles, theses, and technical reports) published
from 1960 to September 2016. Firstly, duplicates were removed from the 3491 studies, and then
the results were filtered based on title alone and the abstract, discarding papers that were clearly
unrelated to the purposes of this study. We also discarded studies that did not present sufficient
geographical information to identify precisely each forest fragment. The selected studies included data
collected through interviews, surveys and behavioral studies (direct observations), playback [36,43],
and camera traps in combination with any other method. Studies that used camera traps alone
were discarded because they may miss certain primate species, even when they are located on tree
branches [47,48]. We only included in the analysis forest patches and fragments with an area ≤11,570 ha
(hereafter, fragments), including both those from anthropogenically-fragmented forest landscapes
and naturally patchy landscapes (e.g., savannas) with anthropogenic components in the matrix. This
size was chosen since it is the “minimum area of suitable habitat” for the biggest Neotropical primate
(Brachyteles spp.) [49]. Whenever possible, start and ending years of fieldwork were also recorded
for each study. At the end of the selection process, a total of 110 studies were found that reported
information regarding the primate communities in 512 forest fragments.

2.2. Geographic Information System (GIS) Analysis

The coordinates of each selected fragment were uploaded into Google Earth Pro (version 7.1.5.1557;
Google Inc., Mountain View, CA, USA). If the image available for the fragment was of sufficiently high
resolution, then a polygon was drawn around it to quantify its area and perimeter. We also delineated
and removed vegetation-free areas inside the fragments to obtain the real area of forest available for
the primates. We used the best image available with the date closest to the year in which fieldwork was
conducted. We preferred the use of Google Earth Pro instead of other alternatives for measuring forest
cover (e.g., Hansen et al. [2]), because this software provides readily available images covering most of
the Neotropical region. Google Earth Pro is a tool that has been used in the classification of landscapes
in other studies of Neotropical primates [36,50] and landscape analyses in the Neotropics [51].

For each fragment, we calculated a shape index as:

shape =
p

200[(πA)1/2]
, (1)
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where p is the perimeter in meters and A is the area in hectares [52]. A value of 1 indicates a perfectly
circular fragment; the higher the value, the more irregular the shape.

Each forest fragment was assigned to 1 of the following 11 Neotropical sub-regions, following
author descriptions from the original studies and shapefiles from the Critical Ecosystem Partnership
Fund (CEPF) [53] and the Instituto Brasileiro de Geografia e Estatística (IBGE) [54]: Mesoamerica,
Tumbes-Chocó-Magdalena (TCM), Caribbean, Andes, Orinoco, Amazon, Atlantic Forest, Cerrado,
Caatinga, Pampa, and Chaco. Amazon and TCM are regions dominated by rainforest, although some
areas from Peru and Ecuador present other vegetation (dry forest) [55]. Cerrado, Orinoco, and Pampa
are predominately areas of savanna and grasses with some forest patches [27,56,57]. Caribe and
Caatinga are areas of dry forest [58,59]. The Andes region is composed of montane forests in elevations
above 1,000 m in altitude [60]. Atlantic Forest and Mesoamerica include tropical and subtropical
forest [61,62], and elevation and latitude determine the vegetation type. Chaco is a forested area in the
center of South America, with both dry and wet areas and a dominant vegetation characterized mostly
by deciduous trees and shrubs in the dry season [63].

Two fragments at the northern extreme of the TCM sub-region were classified within the Caribbean
sub-region as their features are markedly different from those of the TCM in Colombia in terms of
precipitation and vegetation, being significantly drier areas [59]. Seven fragments located between the
limits of the Andes and TCM sub-regions in Colombia were classified as TCM as they are along the
inter-Andean valley of the Magdalena River and are located below 1,000 m in altitude. Three fragments
from Brazil classified as Atlantic Forest by the authors were located in the Cerrado according to the
Brazilian biome shapefile [54].

We imported the polygons created in Google Earth into QGIS (version 2.14.8-Essen; QGIS
Development Team 2014, Essen, Germany), saved them as a shapefile and re-projected all in WGS84
datum in the Universal Transversal Mercator (UTM) coordinate system. We generated a 1-km buffer
from the border of the fragment to characterize the matrix within the buffer, a method that has been
used for small mammals and primates in Neotropical studies [7,8,64,65]. We selected this buffer size
because it is the mean travel distance in the matrix reported for some Neotropical primates [66–68].
From a landscape perspective, the effect of the matrix considers the fragments size [69]; however,
because Neotropical primates are primarily arboreal and non-forested areas outside the fragments are
not habitat for them, we preferred a buffer from the fragment perimeter, contrary to a circular buffer as
used in the patch-landscape approach [12]. Our objective was to understand how the components
beyond the border of the fragment (i.e., where the primates leave the habitat and start a “non-natural”
movement) affect the primates.

We exported the buffers to Google Earth Pro and manually classified the areas within the buffer
into five types using the ‘polygon’ tool. We then calculated the percentage of (1) forest vegetation (Ve),
as a proxy of functional connectivity since primates can use the non-habitat (matrix), expressing a
different movement pattern to arrive to another forest fragment [11]; (2) water bodies (Wa), such as
seas, lagoons, and rivers; (3) residential areas (RA), defined as groups of houses forming urban or rural
areas; (4) tree and palm plantations (Pl); and (5) non-forested areas (NF) as all those areas without
structures of connection for primates. NF specifically included land without vegetation (rocks and
beaches) and areas with crops, grass, or savanna. Although some areas such as crops have different
effects on primates than open areas because they can serve as source of secondary resources to some
primate species [14,15], they are not structures providing connection for Neotropical primates. It is
difficult to distinguish those areas using the available images in all the Neotropical regions. We counted
the number of isolated individual roofs inside the buffer to calculate the density of buildings (DB) and
calculated the length of roads using the ‘path’ tool to estimate the density of roads (DR). To balance the
time taken to conduct the manual classification of the matrix with the number of patches available for
the analysis, first, we randomly selected 10 sites per sub-region for classification. For TCM and Chaco,
we included all nine fragments that achieved our selection criteria (see below) in each sub-region.
For the Atlantic Forest and Mesoamerica, we selected five additional fragments in each sub-region
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given the larger set of fragments available. For the Amazon, we selected 10 additional fragments
considering both the larger set of fragments available and the larger extension of the sub-region.
We considered the distribution of the sites throughout the sub-regions to include these additional
fragments, selecting those fragments located mostly away from other selected sites. Finally, a total of
97 fragments were included in this study from studies conducted between 2000 and 2016 (Table S1).

We extracted data on other predictors from the center of each forest fragment using raster images.
We used a global map of forest height (FH) at a 1 km2 spatial resolution [70] as a proxy of vertical
forest structure [32]. We downloaded net primary productivity (NPP) data at a 1 km2 spatial resolution
from the NASA Earth Observations to represent a measurement of the total amount of carbon dioxide
up taken by plants [71]. Because NPP is temporally variable, we used a sequence of raster images of
June and December from 2000 to 2010, then we used the sequence to calculate a mean NPP for each
fragment over this time period. Finally, we obtained temperature annual range (TAR) and precipitation
seasonality (PS) data at ~1 km2 spatial resolution via WorldClim version 2 [72]. To understand the
effect of the reserves on primate communities, we identified if each fragment was within a protected
area (PA) according to the information from the study site.

2.3. Primate Variables

We calculated the proportion of extant species retained for each fragment (sp) as:

sp = spext/spmax, (2)

where spext is the current species richness reported in each fragment and spmax is the maximal species
richness expected, considering the natural geographic distribution of all primate species for each
fragment [36], based on distributions from the IUCN (International Union for Conservation of Nature,
Red List of Threatened Species) [73] and reports from each study. The genus Aotus was only included
in the calculation of spmax when the study reported its presence, since it is more difficult to detect these
nocturnal primates. Introduced or reintroduced primate species were not considered in spmax or spext.

Each primate species was also classified according to an updated list of functional classification
of ecospecies [74]. Ecospecies are classifications of platyrrhine primates based on functional traits of
species that are ecologically equivalent [75]. This classification allows gathering more information
about different taxa to understand the primate response to changes in the habitat [43]. We obtained the
body mass of each species from the All the World’s Primates database [76]. We used the average value
of male and female body mass for those species in which the information was provided separated
by sex. For those species without information in that database (13%), we used the average body
mass of the ecospecies [74]. The proportion of extant mass retained (M) was calculated using the
following equation:

M =

∑n
i=1 mi∑N
j=1 m j

, (3)

where mi is the body mass of species i considering the current species reported in each fragment (n),
and m j is the body mass of the species j considering the complete primate assemblage (N) according to
the natural geographic distribution of primates for each fragment. As such, M allows “to examine
broad patterns of species deletion across the body size spectrum” [36].

To understand the variation in species responses according to diet, we assessed the proportion of
the following items in the diet of each ecospecies [74]: (1) reproductive plant parts (dietRP: fruits, seed,
and flowers); (2) vegetative plant parts (dietVP: leaves and buds); and (3) animal prey (dietPr) (Table S2).
First, the contribution of each ecospecies in a dietary category for each fragment (pxi) was calculated as:

pxi =
dxi∑N

i=1 dxi
, (4)
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where d is the proportion of an item x (RP, VP, or Pr) in the diet of ecospecies i present in each fragment
according to the values from Hawes and Peres [74], and N is the maximal number of species found in
the fragment. Finally, for each fragment, the proportion of each extant consumption of a dietary item
retained (dietx) was calculated as:

dietx =
n∑

i=1

pxi, (5)

where n is the number of species found currently in the fragment and x is the item in a dietary category
(RP, VP, or Pr). As the indices related to functional traits used here consider the ecospecies composition,
they can provide insights into how the predictor variables operate among the different sub-regions
because species composition is different among them.

2.4. Data Analysis

We used an ANOVA to test for significant differences in matrix components (Ve, Wa, RA, DB,
Pl, and DR) and fragment size between sub-regions. We used linear mixed-models (LMM) from the
package ‘nlme’ [77] to analyze the influence of environmental variables (TAR and PS), site (FH, ln(NPP),
shape, ln(area), and PA) and matrix components (Ve1/2, Wa, RA, DB, Pl, and DR) on the proportion
of species retained (sp) and retention of functional traits (M, dietRP, dietVP, and dietPr) considering
forest fragments as sampling units. We used LMM to deal with the possible spatial autocorrelation,
controlling for the effect of the sub-region by placing it as a random factor, and using the environmental
variables, site attributes, and matrix components as fixed factors to test their effect on the proportion of
species retained and the ecological characteristics of primates. Only those fragments with spmax > 1 and
spext , 0 were included in the analysis. These criteria excluded all fragments from the Pampa sub-region,
some from Mesoamerica (El Salvador and the Sumidero canyon in Mexico), all from the Argentinian
Chaco, and from the Andes. We used Akaike’s information criterion corrected for small samples (AICc)
to select the most plausible model for each dependent variable applying the Maximum Likelihood (ML)
method in accordance with Zuur et al. [78] and using the package ‘MuMIn’ [79]. We used a ‘Random
Intercept Model’ instead of a ‘Random Intercept and Slope Model’ in the LMM [78] due to the large
number of explanatory variables and assuming that the rate of the effect of the predictor variables does
not change between sub-regions. After, we ran the most parsimonious model applying the restricted
maximum likelihood (REML) method [78]. We checked for spatial autocorrelation in the residuals of
each most parsimonious model with Moran’s I correlograms in the package ‘ncf’ [80] and detected
spatial autocorrelation in all models, at least in the first two distance classes (Figure S1). As such, we
then used the ‘corr’ argument available in the ‘nlme’ package to create the same models, but adding
different classes of spatial correlation structures, such as spherical, exponential, Gaussian, linear, and
rational. We used the Akaike’s information criterion (AIC) to compare those models applying the ML
method. Once the most parsimonious model was chosen (i.e., model with the lowest AIC), we refitted
the original model with the spatial correlation structure applying the REML method [78]. Although it
was possible to assess the effect of the random factor (i.e., Neotropical sub-region) plus fixed factors
(i.e., environmental variables, site attributes and matrix components) on primates using the conditional
R2 in the LMM [81], the ‘Random Intercept Model’ does not allow detection of shifts in the slope (i.e.,
interaction of predictors with sub-region). Therefore, we used ANCOVA’s to assess such effects using
only predictors detected by our most parsimonious models. All analyses were performed in R software,
version 3.5.1 [82]. Because some fragments from Mesoamerica did not provide values for the diet of
animal prey due to the presence of species that feed exclusively on plant parts (Alouatta and Ateles),
resulting in only three fragments with values for this dependent variable, we excluded Mesoamerica
in the model of dietPr. In the final database, all but four studies involved direct observation (Table S1);
for that reason, we think that detectability is not a problem here.
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3. Results

3.1. Matrix Differences Among Neotropical Sub-Regions

The 97 fragments selected from 50 studies were distributed in eight minor sub-regions with at
least nine fragments per sub-region (Mesoamerica, Tumbes-Chocó-Magdalena, Caribbean, Orinoco,
Amazon, Atlantic Forest, Cerrado, and Chaco) (Figure 1, Tables S1 and S3). In these 97 fragments, size
ranged between 0.8 and 8897 ha, and varied equally across sub-regions (F = 1.43, p-value = 0.203).
The proportion of some matrix components in the 1-km buffer around each fragment differed
significantly among sub-regions: forest vegetation (F = 4.887, p-value = 0.0001), water bodies
(F = 4.726, p-value = 0.0001), residential areas (F = 3.319, p-value = 0.003), non-forested areas (F = 7.45,
p-value < 0.0001), density of roads (F = 5.7, p-value < 0.0001), and density of buildings (F = 5.587,
p-value < 0.0001). Specifically, the highest proportion of forest surrounding the fragments was found
in the Amazon sub-region. The Amazon also had the greatest proportion of water in the matrix,
mainly due to dams. The Cerrado, Orinoco, and Atlantic Forest sub-regions had a greater proportion
of plantations in the buffer area, composed of oil palms and eucalyptus. The Cerrado had the highest
proportion of residential areas. The Chaco and Atlantic Forest sub-regions had the highest density of
roads and houses (Figure S2).
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in the literature search, and the number of fragments included in our analyses (s) for each sub-region.

3.2. Effects of Matrix Components, Environmental Conditions, and Site Attributes on Primates

For species retention and consumption of reproductive parts, the most parsimonious model
included only fragment size as predictor, indicating that larger fragments hold a greater proportion of
the original assemblages and species with diets composed more heavily of fruits, seeds, and flowers
(Table 1). For mass retention, the most parsimonious model included density of buildings, fragment
size, and protected areas as predictors (Table 1), indicating that large and protected fragments retain
larger species, but increased human presence in the matrix (density of buildings) negatively affects
these larger primates (Table 1). The most parsimonious model for consumption of vegetative plant
parts indicated a positive effect of fragment size and protected areas (Table 1). Finally, for diets based on
animal prey, the best model included density of buildings, fragment shape, and water bodies (Table 1).
Thus, retention of animal prey consumption decreased significantly in fragments surrounded by
higher proportions of water bodies and increased human presence in the matrix (density of buildings)
(Table 1).
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Table 1. Results of model selection using linear-mixed models (LMM) explaining the proportion of
species retained and ecological characteristics of primates in forest fragments in the Neotropical region
through environment, landscape, and fragment attributes. Marginal R2 values (mR2) only consider
fixed effects, and conditional R2 (cR2) includes both fixed and random effects. α̂ and β̂ are the intercept
and slope, respectively, of the fixed effects and d̂ is the variance for the random intercept.

Model mR2 cR2 α̂ Predictors β̂ p-Value d̂

sp a 0.09 0.12 0.397 Area 0.041 0.0005 0.041
M b 0.09 0.17 0.427 Area 0.020 0.040 0.089

DB −0.009 0.055
PA 0.166 0.019

dietRP
c 0.09 0.09 0.364 Area 0.044 0.0008 0.00001

dietVP
b 0.09 0.28 0.402 Area 0.037 0.001 0.147

PA 0.121 0.13
dietPr

b 0.12 0.12 0.590 DB −0.022 0.045 0.000008
Shape 0.039 0.081

Wa −0.416 0.011

Note: Primate variables are species retention (sp), mass retention (M), species retention with diet of reproductive
parts of the plant (dietRP), species retention with diet of vegetative parts of the plant (dietVP), species retention with
diet of preys (dietPr). Predictors are density of buildings (DB), water (Wa) and protected area (PA). a Exponential
spatial correlation, b Rational quadratic spatial correlation, c Spherical spatial correlation.

3.3. Effect of Sub-Region on the Relationship between Primates and Site and Matrix Attributes

Results of conditional R2 indicated that sub-region plus fragment size had an effect on some
primate-site relationships (Table 1), although there were no changes in slope detected by the ANCOVA
tests. For species and mass retention, and for retention of diets based on vegetative parts, the proportion
of variance explained by fragment size and sub-region (conditional R2) was higher than the proportion
of variance explained only by fragment size (marginal R2) (Table 1). For retention of diets based on
reproductive parts of the plant and animal prey, fixed factors explained the same variation as the fixed
and random factors together (conditional R2 = marginal R2); values of the variance for the random
intercept (d̂) were close to zero (Table 1). There was variation among sub-regions in the relationship
between fragment size and species retention, mass, and diet based on vegetative plant parts, with the
highest variation for diet (d̂ = 0.147) and lowest for retention of species (d̂ = 0.041) (Table 1). As such,
for the same fragment size, retention of primate attributes would be highest in Mesoamerica and the
Amazon, and lowest in the Atlantic forest and Chaco (Figure 2).
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reproductive parts of the plant (𝑑𝑖𝑒𝑡ோ), species retention with diet of vegetative parts of the plant 
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(Wa) and protected area (PA). a Exponential spatial correlation, b Rational quadratic spatial correlation, 
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regions in the relationship between fragment size and species retention, mass, and diet based on 
vegetative plant parts, with the highest variation for diet (𝑑መ  = 0.147) and lowest for retention of 
species (𝑑መ  = 0.041) (Table 1). As such, for the same fragment size, retention of primate attributes 
would be highest in Mesoamerica and the Amazon, and lowest in the Atlantic forest and Chaco 
(Figure 2). 

 
Figure 2. Relationship between species retention (𝑠𝑝), mass retention (𝑀) species retention with diet 
of vegetative parts of the plant (𝑑𝑖𝑒𝑡) and fragment size (ln(area)). Models are based on a ‘Random 
Intercept Model’ using LMM. Thick line represents the fixed component and Neotropical sub-regions 

Figure 2. Relationship between species retention (sp), mass retention (M) species retention with diet
of vegetative parts of the plant (dietVP) and fragment size (ln(area)). Models are based on a ‘Random
Intercept Model’ using LMM. Thick line represents the fixed component and Neotropical sub-regions
are Atlantic Forest (AF), Amazonia (Am), Caribbean (Ca), Cerrado (Ce), Chaco (Ch), Mesoamerica
(Me), Orinoco (Or), and Tumbes-Chocó-Magdalena (TCM).
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4. Discussion

This is the first study to compare how matrix components, including quantitative measures
of anthropogenic attributes and environmental conditions, affect the retention of primates in
fragmented landscapes across the Neotropical region. Although matrix composition was included as
a potential predictor, a clear general pattern emerged, in which fragment size is a key determinant
of species persistence and of the retention of traits of Neotropical primates. We found that primate
persistence within forest fragments depends on their functional traits and on inherent aspects of the
biogeographic sub-regions.

4.1. Relationship Between Matrix and Site Attributes and Primate Species Richness and Functional Traits

Our results show that fragment size was the most important predictor of the retention of primate
species in the Neotropical region, which is consistent with previous global and Neotropical analyses
for primates and other vertebrates [34,36,83]. Larger areas not only support larger primate populations,
but also maintain an adequate forest structure [84]. Larger fragments of tropical forest may provide a
greater diversity of food resources, different canopy strata, and shelter to support viable populations
of different animal species [85]. Larger fragments host more tree species and more stable availability
of food resources through the year [85]. Death of larger trees increases sharply along the fragment
edges [86] and smaller trees become more frequent in smaller fragments exposed to chronic edge
effects [87]. Therefore, in smaller fragments, resource quantity and quality may change dramatically.

Fragment size also explained a significant part of the retention of functional traits of primates.
The higher retention of body mass in larger fragments is consistent with previous studies in the
Neotropics [36]. As larger species are more prone to local extinctions [88], we expected this pattern
from our results. In forest fragments from the Amazon, body mass predicted the occurrence rate of
primates [6], suggesting that larger primates need larger areas. Considering the body size spectrum
within the forest fragments [36], the smaller fragments are retaining small-sized primate species, and
this could have negative consequences for frugivory and therefore for plant diversity. For example,
due to the positive correlation between body mass and percentage of frugivory [74], we think that,
independent of the ecospecies present in a certain fragment, fruit consumption will be higher where
mass retention is higher. Frugivory has connotations for plant species richness. As such, it is expected
that larger fragments will have higher species richness than smaller fragments. This pattern was
observed in fragments from the Amazon, where a reduction in species richness of seedling communities
was detected in smaller fragments [89]. This makes even more sense, since we also detected a positive
relationship between fragment size and retention of consumption of reproductive plant parts (fruits,
seeds, and flowers). Those fragments within protected areas can retain larger primate species. Protected
areas are recognized by their role in maintaining higher abundance and species richness by diminishing
forest loss [90,91], and evidence suggests that reserves maintain stable populations of primates by
avoiding hunting [39,40].

We found that persistence of folivorous primates was affected by fragment size in all Neotropical
regions. Foliage is a resource present in both smaller and larger forest fragments, and its availability
do not seem to be limiting for primates in small fragments. Smaller fragments have higher edge
effects, allowing herbivores to find plant species with leaves containing higher nutritional quality
content [92]. However, habitat loss could be affecting the quantity and quality of other resources that
are more variable over time (e.g., fruits), with consequences for primate persistence. The majority of
Neotropical primates include certain proportions of leaves in their diets, and even the most folivorous
species do not feed exclusively on leaves [74]. The effect of area on the retention of folivorous primates
could be a reflection of the loss of primates, such as Alouatta and Brachyteles, since these primates
include the largest proportions of leaves, but also fruits, in their diets [74]. Brachyteles spp. for example,
is present in the Atlantic Forest, one of the most fragmented regions in the Neotropics [93]. These
primates are highly sensitive to habitat loss and showed low occupancy rates in their distribution
area [43]. Alouatta spp. is a widely distributed genus, found from Mexico to Argentina. Their species
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are commonly reported to persist in fragmented landscapes and they occupy fragments (even small
fragments) throughout the Neotropical region [43]. However, each case regarding this genus needs
to be analyzed with caution, as Alouatta has been reported to be locally extinct in some areas, and in
others, it is necessary to maintain a minimum fragment size to reduce the extinction probability [94,95].
The important issue regarding this relationship is that the reduction in fragment size decreases the
diets based on vegetative parts. Therefore, this could reduce ecosystem services provided by primates,
such as increase the amount of foliage due the removal of buds and nutrient cycling, with negative
effects on the forest structure [19].

Some primates are considered to be ‘ecosystem engineers’ as they modify plant community
structure through their feeding behaviors [19]. Specifically, primates can reduce the reproductive
success of some tree species through feeding on flowers [96], or could increase the reproductive
success of other plants through pollination [17] and seed dispersal [21], and contribute to nutrient
movement within and between habitats through feeding on fruits and subsequent defecation [97].
The higher retention of diets based on reproductive parts of the plant in larger fragments has important
implications for seed dispersal and, as such, has key conservation implications. If small areas are
retaining fewer primates that feed on plant reproductive parts, there will be a disruption in seed
dispersal leading to a decrease in plant species richness in the understory [21,29–31]. Consequently,
large forest patches are necessary to maintain these primates and the ecological services they and
other species provide [98]. Contrary to the other traits, the retention of prey consumption was not
explained by area. Instead, it showed a negative association with the density of buildings. A higher
density of buildings may be correlated with more intensive agricultural activities, and this may modify
the arthropod communities as a result of increased use of pesticides and fertilizers compared with
less densely populated areas [99,100]. Another possible reason could be pet-keeping and hunting,
as carnivorous and insectivorous primates are represented mainly by Cebids, which are frequently
used for those purposes (e.g., Cebus capucinus, Saguinus nigricollis, and Saguinus leucopus as pets; and
Cebus kaapori and Sapajus xanthosternos as hunting targets) [101–105]. Although empirical evidence
exists to support the idea of negative effects of reservoirs (the main type of water body in our study
areas) on primates and other vertebrates [106,107], the negative relationship between area of water
bodies in the matrix and diets based in animal prey may also be explained by a negative effect of water
bodies on prey species. Invertebrates are the main prey fed upon by Neotropical primates [74], and
they are also sensitive to dams and alterations in water flow [108,109].

Other studies have shown that the matrix matters more than fragment size for small mammals [8,64];
however, for some Neotropical primates, the pattern is contrary, and fragment size is more important
than components in the matrix [7]. Here, we present empirical support to show that in the entire
Neotropical region, fragment size is more important than matrix components for primate species.
Nevertheless, fragment size alone should not completely explain how primates are responding to
habitat loss, since we detected spatially-structured residuals in the LMMs before adding the spatial
correlation structures. This means that other spatially-structured ecological processes or historical
events may be influencing the primate populations but not represented by the variables in our
analyses [110], such as differences in levels of endemism or beta-diversity as a consequences of
geological legacies [111,112]. Hence, large-scale studies should include spatial covariates as surrogates
for other ecological processes or historical events because the assemblages of many vertebrates can be
more related to spatial effects than environmental conditions [113].

4.2. Effect of the Neotropical Sub-Region on Primate Species Richness and Functional Traits

The relationships between fragment size and retention of mass, diets of vegetative parts, and
species varied between sub-regions. Although such variation was weak for species retention, this
was consistent in a global-scale study in which South America showed higher species richness than
Madagascar for a given fragment size, and that species richness in Africa has no significant relationship
with fragment size [34]. Primates from Madagascar face a limited dietary quality and this could
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decrease the likelihood of their persistence in small fragments [114]. The non-relationship in Africa is
due to the extant taxa being resistant to anthropogenic landscape alterations [34]. These results suggest
there are regional mechanisms that act synergistically with the relationship between primate retention
and site attributes, such as resource availability and species traits.

We found a general pattern where primates from Mesoamerica seem to be the least sensitive to
fragment size changes, and those in the Atlantic Forest, the most sensitive. Although both sub-regions
are highly fragmented and have historically coped with habitat loss [61,62,93], they are distinctly
different in primate composition. Several species occupy the Atlantic Forest, and large portions of
this sub-region (and also the Chaco sub-region) are below the Tropic of Capricorn. Globally, there is a
positive relationship between latitude and geographic range of primates (Rapoport effect), but such
relation is negative in the Neotropical region [115]. Species of narrow geographic ranges are more
prone to extinction [116] and, consequently, those primates from Chaco and Atlantic Forest would
be more vulnerable than primates from Mesoamerica. Thus, primates may face some challenges to
survive in higher latitudes and fragmentation may be adding to these challenges, leading to a lower
retention of primates in small fragments at higher latitudes.

The highest variation between sub-regions was found for the relationship between fragment size
and diets based on vegetative parts, and this was mainly due to differences between Mesoamerica and
the Atlantic Forest. This may be explained by the greater persistence of Atelids in Mesoamerica. In this
sub-region, Alouatta, the most folivorous primate in the Neotropics, is present in 86% of the fragments,
whereas in the Atlantic Forest, Alouatta was reported only in 33% of the fragments. Brachyteles, another
genus that includes large amounts of leaves in its diet, was absent from all fragments in the Atlantic
Forest included in our analyses. The pattern in the Chaco was similar to that in the Atlantic Forest,
with two species of Alouatta, one of which is locally extinct [95], contributing to the lower retention of
the diet based on vegetative parts. The pattern in the Amazon was more similar to that in Mesoamerica,
with the sub-region not only having the highest maximum species richness in the Neotropics, but
also a fauna including ecospecies with relatively high contributions of vegetative parts in their diets
such as howler monkeys (Alouatta, 54%), Amazonian dusky titi monkeys (Callicebus, 34%), and tufted
capuchins (Sapajus apella, 16%) [74]. A Neotropical analysis showed that these ecospecies are less
sensitive to changes in fragment size (e.g., Alouatta and Callicebus) and have the highest occupation rates
(e.g., Alouatta and Sapajus apella) in fragments along their geographic distribution [43]. Mesoamerica,
in contrast, although showing lower species richness, hosts Alouatta, the most folivorous genus and the
genus most resistant to human alterations [117–119], which could explain the higher retention of diets
based in vegetative parts in this sub-region.

Another important variation between sub-regions was observed in the relationship between
fragment size and mass, which could also be explained by differences in primate faunas, with less loss
of mass in primate communities in the Amazon and in Mesoamerica than in the other sub-regions.
In both cases, this is seemingly being driven by the persistence of species of the largest genera including
Alouatta and Ateles in both sub-regions, and Lagothrix in the Amazon only. For example, more than
50% of the analyzed fragments in Mesoamerica retained Alouatta and Ateles, all fragments from the
Amazon had Alouatta, and 50% had Ateles or Lagothrix too.

5. Conclusions

Our approach of using functional traits to compare actual and expected species occurrences is
useful for evaluations on large scales; however, differences among sub-regions need to be considered.
Studies like this could be conducted in other areas such as Africa, clustering fragments into the
biodiversity hotspots [120] and ecoregions [121]. Africa (including Madagascar island) has a total of
214 primate species, with more than one-third of them threatened, and with body masses ranging
from 0.03 kg (Madame Berthe’s mouse lemur, Microcebus berthae) to 200 kg (western and eastern
gorillas, Gorilla spp.) [16]. Other biological orders could be targeted, since there is information about
current occurrence available in published studies, the expected species occurrences using the IUCN
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distribution, and information about functional traits from PanTHEIRA [122]. However, we recommend
using the patch-landscape approach for studies of terrestrial mammals, since those animals do not
exclusively inhabit forest fragments.

As some variation exists between species included within the same ecospecies, or even within
some taxonomic species (e.g., differences in fruit consumption; see Strier [123] and Carvalho et al. [124]),
the use of values of diet for ecospecies may have prevented the detection of some relationships in
the present study. Nevertheless, various species included in this study did not have specific data for
these variables. More detailed studies should be conducted whenever these data are available in a
species-specific, or even site-specific, basis.

Finally, conservation planning for primates communities should consider both the regional context
and the fragment size. At the regional level, the economic, social, political, and cultural context can
have different influences on the matrix. For example, post-conflict areas can modify the land uses
and make some areas within biodiversity hotspots more sensitive for primates [125]. For species with
broad geographic range distributed in more than one sub-region (e.g., Ateles belzebuth, present in the
Amazon and Orinoco; Alouatta belzebul, in the Amazon and Atlantic Forest; and Alouatta palliata in
Mesoamerica and Tumbes-Chocó-Magdalena) [126], we need to consider that deforestation rates are
different among countries and forest types, and the amount of remaining natural habitat changes
from one region to another [127,128]. At the fragment level, however, it is necessary to conduct forest
restoration programs aimed at increasing the current forest extension and fragment sizes or connecting
remaining forest patches. The creation of new protected areas, even in fragmented landscapes, is also
an important conservation strategy, as evidence suggest that in the Neotropical region, protected areas
are efficient in retaining larger primates. Considering these aspects could help to prevent the loss of
primates—one of the most charismatic animals—during Earth’s sixth mass extinction.
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