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ABSTRACT

Human activities are major threats to biodiversity, particularly for arboreal, forest-specialist species such as platyrrhine pri-
mates. Habitat loss and declines in vegetation quality negatively affect species’ persistence in disturbed and human-modified
landscapes. In this study, we evaluated the influence of landscape structure (forest cover and functional connectivity), vege-
tation quality and structure (EVI and canopy height), fire disturbance history (% burned area), and altitude on the occurrence of
black-fronted titi monkeys (Callicebus nigrifrons) in the Cantareira-Mantiqueira Corridor, a region within the Atlantic Forest
biodiversity hotspot. We conducted playback surveys at 72 sites to detect the presence of the species. Using model selection
approaches, we assessed the relative importance of environmental predictors on the species’ occurrence. The best-supported
model included forest cover (within a 250 m radius) and altitude, indicating that greater forest cover at higher elevations best
explains the presence of black-fronted titi monkeys. Variables related to functional connectivity, vegetation quality and
structure and fire disturbance history had secondary importance. Our findings underscore the critical importance of preserving
and restoring forested areas, particularly mid-elevation ranges (500-1200 m). These regions face the most severe degradation,
posing a significant threat to black-fronted titi monkeys, a species currently listed as Near Threatened on the TUCN Red List.
Our results align with previous studies showing positive associations between forest cover and the occurrence of congeneric
species, reinforcing the urgent need for targeted conservation actions in increasingly degraded habitats.

1 | Introduction of these activities, affecting ecosystems (Martensen et al. 2012;
Pardini et al. 2009) and various ecological responses, including

Human activities, such as urbanization and the conversion of = animal movement (Fahrig 2007), interspecific interactions

natural habitats into agricultural and livestock areas, signifi-
cantly alter native landscapes and reduce the quantity and
quality of vital resources for biodiversity maintenance (Johnson
et al. 2017). Habitat loss is among the most severe consequences

(Polis et al. 2004), and ecological functions (Lovett et al. 2005).
The ability of species to access resources and disperse across
fragmented landscapes—known as functional connectivity—is
particularly compromised when habitat loss impairs potential
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movement corridors (Urban and Keitt 2001; Martensen
et al. 2008). Consequently, habitat loss can reduce species
occurrence and functional diversity (Pereira et al. 2022;
Benchimol and Peres 2013) and negatively affect critical eco-
logical processes due to species loss (Cazetta and Fahrig 2022).

Tropical forests, particularly in the Americas, are among the
most threatened habitats due to deforestation and degradation
(Newbold et al. 2016; Caetano-Andrade et al. 2020; Roberts
et al. 2021). Many animal species are confined to human-
modified landscapes (Magioli et al. 2019), where remaining
forest areas are often surrounded by pastures, agricultural land,
silviculture, and urban areas (Watling et al. 2011; Galan-Acedo
et al. 2019a; Hendershot et al. 2020). For forest-dependent an-
imals, population persistence in such human-modified land-
scapes depend not only on habitat quantity but also on
functional connectivity and access to complementary resources
across the matrix (Henle et al. 2004). This is the case for non-
human primates, of which approximately 94% are forest-
dependent (Galan-Acedo et al. 2019b), and around 66% are
currently at risk of extinction according to the IUCN, primarily
due to habitat loss from farming and logging (Estrada
et al. 2017). Despite this, the effects of altered landscapes on
nonhuman primates remain poorly understood.

Primate persistence in a landscape is influenced by multiple
factors, including landscape structure, habitat quality, resource
availability, and environmental conditions. These factors shape
the distribution and nutritional value of food resources
(Wieczkowski 2004), alter microclimates (Estrada and
Garber 2022), and change vegetation structure (Arroyo-
Rodriguez et al. 2020). Recent studies show that habitat quality
parameters, such as canopy cover, tree height, and vegetation
indices (e.g., Enhanced Vegetation Index, EVI), can predict
primate occurrence, complementing spatial metrics and bal-
ancing the effects of reduced habitat area (Hamard et al. 2010;
Costa-Aratjo et al. 2021).

Abiotic factors, such as climate, topography, and soil proper-
ties, also strongly influence primate distributions (Carvalho
et al. 2019; Pebsworth et al. 2019). For instance, altitudinal
gradients create distinct ecological conditions that affect flo-
ristic composition, vegetation structure, and primary
productivity—factors that directly affect primate communities
(Cardoso et al. 2019; Rezende et al. 2015). Changes in plant
community composition along altitudinal gradients alter food
resource availability (Brown 2001), with colder temperatures
at higher elevations disproportionately impact folivorous spe-
cies (Beaudrot and Marshall 2019). In some regions of the
Atlantic Forest, higher elevations (>920m) exhibit greater
forest cover (Silva et al. 2007) and enhanced canopy connec-
tivity, due to these areas having lost a smaller proportion of
their original forest cover (Tabarelli et al. 2010). These con-
ditions can support primate persistence by (1) providing con-
tinuous arboreal pathways (de Guinea et al. 2019),
(2) buffering thermal extremes (Korstjens et al. 2018), and
(3) sustaining resource availability via asynchronous pheno-
logical patterns across elevations (Morellato et al. 2000). These
interactions highlight how abiotic factors mediate primate
distributions both directly, via physiological constraints, and
indirectly, through their influence on habitat quality.

Additionally, fire history can affect primate occurrence in
human-modified landscapes because in agricultural landscapes,
fire is widely used to clear land, renew pastures, and control
pests (Jacques 2003; Goldammer 2016). However, these fires
often spread to nearby forests, harming native vegetation and
wildlife. The Atlantic Forest is particularly vulnerable, as fires
disrupt ecological processes and threaten species that are
unadapted to such disturbances (Hardesty et al. 2005). In this
biome, fires can drastically alter mammalian communities by
reducing population abundance. For instance, Canale et al.
(2012) report that medium- to large-bodied species tend to
decline in both forest interiors and edges. Fire hotspots can
affect primates directly or indirectly, depending on their
mobility (Frizzo et al. 2011; Cochrane 2003). Therefore, fire
disturbance history should be considered when assessing the
occurrence patterns of forest-dependent species in altered
landscapes.

Vegetation quality, under the resource availability hypothesis, is
another key factor that can influence primate occurrence in
forest fragments. Callicebus nigrifrons, for instance, despite ex-
hibiting some dietary flexibility, prefers high-nutritional-value
food items (Nagy-Reis and Setz 2017), which are usually more
abundant in structurally complex, high-quality habitats. As
mid-stratum dwellers, these primates are likely sensitive to
forest structure, where factors such as tree height and vertical
complexity may constrain their occurrence (Trevelin
et al. 2007). Thus, older, well-structured forests with mature
canopy architecture may provide essential conditions for Cal-
licebus persistence.

Titi monkeys (Callicebus spp.) inhabit densely populated and
heavily exploited regions of Brazil, formerly dominated by the
Atlantic Forest—one of the world's most threatened biodiversity
hotspots (Jerusalinsky et al. 2020; Myers et al. 2000). The black-
fronted titi monkey (Callicebus nigrifrons), endemic to this
biome, is an excellent model for evaluating primate persistence
across landscape change gradients. Currently listed as Near
Threatened by the IUCN Red List, the species is undergoing a
population decline (Jerusalinsky et al. 2020). This small primate
(adult body mass < 1.5kg) lives in family groups of two to six
individuals and feeds mainly on fruits, with some leaf con-
sumption (Nagy-Reis and Setz 2017). The species also exhibits a
complex vocal repertoire, with duets composed of multiple
alternating calls (Miiller and Anzenberger 2002), which makes
it highly responsive to playback surveys, similar to other con-
geners (Gestich et al. 2019).

Given that habitat loss is a primary driver of population declines
in platyrrhine primates (see Estrada et al. 2017), we propose
that integrating variables related to landscape structure, abiotic
conditions, vegetation quality and structure, and fire distur-
bance history will provide more accurate estimates of Callicebus
nigrifrons occurrence in human-modified landscapes. Thus, this
study evaluates the effects of these factors on the occurrence of
black-fronted titi monkeys.

We tested four nonexclusive hypotheses to evaluate primate
occurrence patterns. First, the resource availability hypothesis
predicts that forest cover, vegetation quality and structure—
measured as forest cover percentage, EVI, and canopy
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height—positively influence occurrence by increasing food and
shelter availability (Hanya and Chapman 2012). Accordingly,
we predicted that black-fronted titi monkey occurrence would
be positively associated with forest cover and vegetation quality
and structure. Second, the disturbance sensitivity hypothesis
suggests that fire history negatively affects occurrence due to
the species’ dependence on stable canopy structure (Godoy
et al. 2025). We therefore predicted a negative association
between fire disturbance and species occurrence. Third, the
altitude refuge hypothesis states that higher elevations
(>920m) enhance species persistence, likely due to reduced
human pressure and improved vegetation quality (Silva
et al. 2007; Amorim et al. 2009). Based on this, we predicted a
positive association between species occurrence and elevation.
Fourth, the landscape connectivity hypothesis proposes that
functional connectivity promotes occurrence by facilitating
movement and gene flow (Magioli et al. 2016). We thus pre-
dicted a positive association between functional connectivity
and species occurrence. Given the species’ strong reliance on
forest habitats, we expected landscape structure—particularly
forest cover—to be the main factor influencing the distribution
of the black-fronted titi monkey, surpassing the effects of veg-
etation quality and structure, fire disturbance history, and
altitude.

2 | Methods
2.1 | Ethics Statement

This project was approved by the Scientific Council of the En-
vironmental Research Institute, in accordance with Delibera-
tion CC/IPA number 001/2022 (Digital process SIMA.058303/
2021-91). Our research adhered to the ethical principles for the
treatment of primates established by the American Society of
Primatologists.

2.2 | Study Area

The study was conducted in the Cantareira-Mantiqueira Cor-
ridor (CCM), located in the Atlantic Forest biome, in the
northwestern region of Sdo Paulo state and the southern portion
of Minas Gerais state. This region has hosted a Long-Term
Ecological Research (LTER-CCM) project (Figure 1). The CCM
covers approximately 727,000 ha across 42 municipalities and
encompasses two of the largest continuous masses of native
vegetation in the Atlantic Forest: Serra da Cantareira and Serra
da Mantiqueira (Rodrigues 2008). The landscape consists of a
mosaic of protected areas, forest patches of varying sizes, pas-
tures, forestry, agricultural lands, urban areas, and regenerating
zones. Native vegetation constitutes 35% of the total area,
mostly composed of secondary vegetation that regenerated after
extensive coffee cultivation until the late 19th century. The
remaining land is dominated by anthropogenic matrices: agri-
culture and pasture (43%), urban areas (11%), and eucalyptus
plantations (6%) (Montagnana 2018).

The region has a mesothermal and humid climate, with rainy
summers and dry winters (Cwa under the Koppen climate

classification). Mean temperatures peak at =23°C between January
and February and drop to =16.6°C between June and July.
The region is sub-mountainous to mountainous, with altitudes
ranging from 600 to 2000 m. Annual rainfall mean =1500 mm
(Montes 2005).

2.3 | Study Design

We selected 72 sites (Figure 1; see Supporting Information S1:
Tables S1 and S2), each separated by a minimum distance of
1km to minimize the likelihood of repeatedly detecting the
same primate group. Adopting a landscape-scale study
approach (Arroyo-Rodriguez and Fahrig 2014), we strategically
distributed the sites across a forest cover gradient to capture the
full range of landscape variability and ensure comprehensive
representation of the landscape metrics analyzed.

24 | Primate Surveys

We recorded black-fronted titi monkey occurrences in forest
areas using playback stimuli. Surveys were conducted from
March 2022 to November 2023, totaling 59 field days and 133
visits to 72 sampling sites. Some sites were revisited to confirm
presence or absence. Playback sessions began about 1h after
sunrise (~06:00 AM) and lasted 5h, coinciding with the peak
vocal activity of C. nigrifrons (Caselli and Setz 2007). Each
session lasted 9 min and comprised two playback periods sep-
arated by silent intervals. Sampling points were positioned at
least 100 m from forest edges to minimize edge effects while
maintaining accessibility. Sessions were suspended during
adverse weather conditions, such as strong winds and rain.

We used a MiniVox portable speaker (Anchor, Carlsbad, CA)
connected to an audio player. The speaker had a frequency
response of 100-15,000 Hz, an output power of 30 W, and a
maximum sound pressure level of 109 dB, mimicking the spe-
cies natural vocalizations and enabling detection of responses
up to 350 m (Gestich et al. 2017). Volume was calibrated to
resemble natural calls as perceived by human hearing and was
kept consistent throughout the study.

Following the procedures of Gestich et al. (2017), each playback
session consisted of 1 min of black-fronted titi monkey vocal-
ization playback, followed by 2 min of silence, then a second
1-min playback and a 5-min observation period. If the species
was not detected, the site was revisited after at least 15 days,
with intervals of 15-170 days. Return visits were spaced to avoid
habituation to the playback stimulus and to confirm species
absence. If the species was detected on the first or second visit,
no further surveys were performed at that site.

Species presence was confirmed through vocal responses or
direct sightings. A site was classified as a presence point only if
vocalizations originated from the area containing the sampling
point. To ensure this, we triangulated the vocalization directions
and cross-referenced them with mapped forest boundaries. In
continuous forest areas, we confirmed presence only when
vocalizations occurred near the observer. In addition to playback
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FIGURE 1 | Location of sampling sites for black-fronted titi monkey (Callicebus nigrifrons) surveys and corresponding land cover in the
Cantareira-Mantiqueira Corridor, in the states of Sdo Paulo and Minas Gerais states, Brazil. Yellow dots indicate presence, and pink dots indicate

absence.

detections, we also determined species presence through visual
observations and records from the LTER-CCM team.

2.5 | Landscape Analysis

We calculated landscape metrics using land cover data from
MapBiomas Collection BETA (MapBiomas 2023a), with a 10-m
pixel resolution. We categorized land cover into two categories:
“Non-Forest” and “Forest.” The “Forest” category included
areas with tree vegetation and natural regeneration older than
10 years. Land cover data correspond to the year 2022.

To determine the best spatial scale for explaining black-fronted
titi monkey occurrence, we conducted a multi-scale analysis
following established methods (Jackson and Fahrig 2015;
Gestich et al. 2019). From each point, we calculated the per-
centage of forest cover within circular buffers of 250, 500, 750,
and 1000 m radii. These distances were selected to ensure scale
independence and reflect ecologically meaningful distances,
particularly considering the smallest documented home range
of the species (Nagy-Reis and Setz 2017). We then performed

linear regressions between species occurrence and forest cover
at each scale and selected the optimal scale based on the highest
coefficient of determination (R%; see Supporting Information
S1:Table S3). Analyses were conducted in R version 4.2.3 (R
Core Team 2024) using the landscapemetrics package
(Hesselbarth et al. 2019).

To assess functional connectivity, we adopted the graph theory
approach developed by Martensen et al. (2012), incorporating
species-specific movement capabilities, including corridor use
and matrix crossing between patches (Urban and Keitt 2001;
Martensen et al. 2008). We applied a 100-m gap-crossing
threshold, merging adjacent forest fragments separated by
<100m to reflect the known ability of Callicebus species to
traverse pasture-dominated matrices (Souza-Alves et al. 2019).
We calculated the total forest area connected by corridors, ex-
cluding the occurrence forest patch but including both the
corridors and connected forest patches. This metric also en-
compassed any total forest area accessible from the occurrence
forest patch by crossing a 100-meter gap. Connectivity metrics
were calculated using the LSMetrics package in GRASS GIS
(https://github.com/LEEClab/LS_METRICS).

4 of 12

American Journal of Primatology, 2025

850807 SUOWILLOD BATea.0 3(edl|dde ayy Aq peusenob a1e ssjoiie O ‘@SN Jo sa|nJ 1oy Ar.q1T8UIUO A8]IA UO (SUORIPUOD-PUR-SWBIAL0O" A3 | 1M Ae.q]1|Bu JUO//:SANY) SUORIPUOD PUe SWLB | 8L 88S *[9202/50/20] U0 AkeiqiTauljuo A8|Im ‘eisiined fenpeis3 apepsieaiun Aq 62002 'dfe/z00T 0T/I0p/w0 A8 im AeIq 1l juo//:Sciy Wwolj pepeoiumoq ‘6 ‘SZ0Z ‘SrEZ860T


https://github.com/LEEClab/LS_METRICS

2.6 | Local Variables
2.6.1 | Fire Disturbance History and Altitude

Fire disturbance history and EVI were treated as local environ-
mental variables because they reflect conditions that directly
affect resource availability, vegetation structure, and micro-
climate at the scale experienced by the monkeys during daily
activities. We assessed fire disturbance history using data from
MapBiomas Fire Collection 2.0, with a 30-meter pixel resolution
(MapBiomas 2023b). For each sampling point, we calculated the
total burned area within a 250-meter buffer from 2003 to 2022
and averaged this value over the 20-year period using RStudio.
We also calculated the mean altitude within a 250-meter buffer
using 30-meter resolution digital elevation models (European
Space Agency 2024). Ecological processes such as foraging,
movement, and territory use in small-bodied primates like Cal-
licebus nigrifrons typically occur within a few hundred meters
(Nagy-Reis and Setz 2017), making the 250-meter buffer biolog-
ically meaningful. Moreover, this buffer size reduced fine-scale
variability associated with individual pixels and ensured that
estimates accurately represented the immediate surroundings of
each sampling site, minimizing the influence of extreme local
heterogeneity while preserving ecological relevance.

2.6.2 | Vegetation Quality and Structure

We estimated vegetation quality and structure using two
structural metrics: the mean Enhanced Vegetation Index (EVI)
and mean canopy height. These indicators provide comple-
mentary information on critical aspects of vegetation structure
and habitat quality and capture key horizontal and vertical
dimensions of habitat quality relevant to black-fronted titi
monkeys (Huete et al. 2002). EVI was used as a proxy for
habitat productivity and complexity. We calculated mean EVI
values within 250-meter buffers around each sampling point
using 10-meter resolution Sentinel-2 satellite images. Data were
collected monthly from March 2022 to November 2023. Remote
sensing-derived vegetation quality proxies, such as EVI (Huete
et al. 2002), can capture both structural and nutritional habitat
attributes and are useful predictors of primate occurrence. EVI
indirectly reflects vegetation quality and was designed for use in
tropical forests (Huete et al. 2002). It remains robust under
conditions of heavy aerosols and biomass burning (Miura
et al. 1998) and correlates with indicators of gross primary
production (e.g., leaf area index, LAI), chlorophyll content, and
canopy density—key attributes of suitable habitats for arboreal
primates, including black-fronted titi monkeys (Huete
et al. 2002; Ogaya et al. 2015). Higher EVI values typically
reflect mature, old-growth forests with complex structures,
whereas lower values indicate early successional or disturbed
forests (Cazzolla Gatti et al. 2015; Nyirambangutse et al. 2017).

Mean canopy height, the second metric, was used as a direct
measure of vertical forest structure. We obtained mean canopy
height values within 250-meter buffers from a global canopy
height map with 1-meter resolution (Tolan et al. 2024). Taller
canopies are associated with mature forests that provide
abundant resources, complex vertical strata, and greater

microclimate stability, whereas shorter canopies often reflect
secondary or degraded forests (LIDAR 2002; Tolan et al. 2024).
The Global Canopy Height Maps data set offers comprehensive
insights into tree canopy heights worldwide, providing an
overview of tree canopy presence and height for the analyzed
period (2009-2020), with 80 percent of the data obtained from
imagery acquired between 2018 and 2020 (Tolan et al. 2024).

2.7 | Data Analysis

We used generalized linear models (GLMs) with a binomial
distribution to assess the influence of landscape structure (i.e.,
forest amount and functional connectivity) and vegetation
quality and structure, topography, and fire disturbance on the
occurrence of black-fronted titi monkeys. Species presence and
absence (non-detection) were coded as 1 and 0, respectively. We
adopted a multi-model averaging approach (Burnham and
Anderson 2002) to evaluate both univariate and combined ef-
fects of the predictor variables.

To assess the relative importance of each predictor variable, we
fitted a full model including all predictors and their combina-
tions. This was implemented in R using the glmulti package
(Calcagno and Mazancourt 2010), which performs automated
model selection based on the Akaike Information Criterion
(AIC). The set of candidate models included the following
predictors: forest cover (%), functional connectivity, EVI, fire
disturbance history, and altitude. This approach enabled us to
identify the most influential predictors while accounting for
potential multicollinearity and improving the robustness of our
inferences regarding the drivers of primate occurrence.

All continuous predictors were standardized (mean =0, SD =1)
before analysis to allow direct comparison of effect sizes across
variables. Model performance was evaluated using AIC. Models
with AAIC < 2 were considered equally plausible, and model
weights (WAIC) were used for model averaging and to assess the
relative importance of predictors.

Multicollinearity was assessed using Pearson correlation coef-
ficients (threshold Irl>0.7) and variance inflation factors
(VIF > 3) for all predictors (see Supporting Information S1:
Tables S4 and S5). A strong correlation was found only between
forest cover and canopy height (r=0.85), leading to the exclu-
sion of models that included canopy height from further
analyses. All remaining predictors showed acceptable levels of
collinearity (VIF <2, r<0.7).

Model diagnostics were conducted using the DHARMa package
(Hartig 2022), including residual inspection and tests for over-
dispersion, heteroscedasticity, and deviations from the assumed
distribution. Although residuals slightly deviated from nor-
mality (Shapiro-Wilk p <0.05), this is not an issue for GLMs,
which assume a binomial—not normal—distribution of the
response variable. No evidence of heteroscedasticity or sys-
tematic bias was detected.

To evaluate spatial autocorrelation in model residuals, we cal-
culated global Moran's I using Monte Carlo simulations with
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the pgirmess, spdep, and sp packages. The result (Moran's
1=0.18, p=0.058) indicated low and nonsignificant spatial
autocorrelation, supporting the assumption of spatial indepen-
dence among sampling sites (Wang et al. 2020).

3 | Results
3.1 | Black-Fronted Titi Monkey Occurrence

Black-fronted titi monkeys were detected at 50 of the 72 sampled
sites (69.4%) and not detected at the remaining 22 sites (30.6%)
(Figure 1; see Supporting Information S1: Tables S1 and S2).

3.2 | Occurrence Modeling and Model Selection

We used a model selection framework to evaluate a compre-
hensive set of hypotheses by fitting all combinations of pre-
dictors in GLMs, including a full model with all variables
(Table 1, see Supporting Information S1: Table S6 for the
complete model). The most plausible model explaining the
occurrence of black-fronted titi monkeys included forest cover
(within a 250m buffer) and altitude. These variables con-
tributed 98.4% and 92%, respectively, to our model (see Sup-
porting Information S1: Table S7), with both showing positive
associations with species occurrence. This suggests that habitat
extent and topographic variation are key drivers of black-
fronted titi monkey distribution (Figure 2; see Supporting
Information S1: Tables S6 and S7 for full model outputs).

To visualize the spatial patterns of predicted occurrence, we
generated a probability surface based on this top-ranked model

(Figure 3). This map highlights areas with higher probabilities
of species occurrence, particularly those characterized by high
forest cover at high altitudes.

4 | Discussion

The occurrence of black-fronted titi monkeys (Callicebus nigri-
frons) in the Atlantic Forest is best explained by the combined
effects of forest cover and altitude. As expected, more forested
areas favored the presence of the species, reinforcing the central
role of habitat availability for arboreal primates. This prediction
aligns with Estrada et al. (2017), who found that land-use
changes, especially livestock farming, negatively affect 59% of
platyrrhine primate species primarily through forest loss and
connectivity disruption. However, the positive association with
altitude suggests that historical preservation at higher eleva-
tions may also play an important role.

The strong positive relationship between forest cover and black-
fronted titi monkey occurrence aligns with broader patterns
observed in Callicebinae and other primates, supporting the
resource availability hypothesis. Even moderate forest loss
(10%) has been linked to population declines in Callicebinae
(Gouveia et al. 2016), and deforestation poses a major threat to
several titi monkey species, including Plecturocebus vieirai
(Costa-Aratjo et al. 2022). However, recent studies reveal
species-specific tolerances to habitat loss. Some titi monkeys
persist in small fragments if the vegetation structure remains
suitable (Hilario et al. 2024; Martinez et al. 2025). For instance,
Callicebus coimbrai relies on structural connectivity for disper-
sal and its densities are more influenced by understory com-
plexity than by landscape-scale metrics (Hilario et al. 2024),

TABLE 1 | Akaike information criterion (AIC) values for the relative contribution of the highest-ranked models explaining the occurrence of
black-fronted titi monkeys (Callicebus nigrifrons) in fragmented landscapes in the Cantareira-Mantiqueira Corridor.

Model AIC AAIC Weight
Forest cover + altitude 67.16 0.0 0.37
Forest cover + altitude + fire disturbance history 69.18 2.02 0.13
Forest cover + altitude + EVI 69.26 2.10 0.13
Forest cover + altitude + functional connectivity 69.39 2.23 0.12
Forest cover + altitude + fire disturbance history + EVI 71.39 4.23 0.04
Forest cover + altitude + functional connectivity + fire disturbance history 71.49 4.33 0.04
Forest cover + altitude + functional connectivity + EVI 71.51 4.35 0.04
Forest cover 72.64 5.48 0.02
Forest cover + altitude + functional connectivity + fire disturbance history + EVI 73.76 6.60 0.01
Forest cover + fire disturbance history 73.78 6.62 0.01
Forest cover + EVI 73.92 6.76 0.01
Forest cover + functional connectivity 74.44 7.28 0.01
Forest cover + EVI + fire disturbance history 75.37 8.21 <0.01
Forest cover + functional connectivity + EVI 75.53 8.37 <0.01
Functional connectivity + EVI + altitude 75.78 8.62 <0.01
Forest cover + functional connectivity + fire disturbance history 75.80 8.64 <0.01
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FIGURE 2 | Response surface showing the probability of occurrence of black-fronted titi monkeys (Callicebus nigrifrons) (z-axis) as a function of

forest cover within a 250-m radius (x-axis), and altitude (y-axis). Black dots indicate presence, gray dots indicate absence, and white curved lines

illustrate the relationship between altitude and forest cover.

whereas Plecturocebus olallae depends on floristically diverse
forests (Martinez et al. 2025). These patterns, together with
previous studies, suggest that while habitat quantity—
particularly forest cover at higher elevations—is a key driver of
black-fronted titi monkey occurrence in our study area, other
factors such as vegetation structure (e.g., canopy connectivity,
tree diameter) and floristic composition may still play important
roles in other regions or for other Callicebinae species (e.g.,
Hilario et al. 2024; Martinez et al. 2025). Conservation efforts in
our region should prioritize the maintenance and recovery of
forest cover, particularly at higher elevations where viable
populations persist. While habitat quality was not a key pre-
dictor in our models, its role in other contexts warrants further
investigation (Rubio Vargas et al. 2024).

The species’ preference for higher elevations likely reflects a
combination of ecological and historical processes. Although
mid- to high-elevation zones in the Atlantic Forest are generally
associated with older, structurally complex forests and greater
angiosperm diversity (Amorim et al. 2009), which could support
Callicebus diets through the production of fleshy fruits (Nagy-
Reis and Setz 2017), our findings did not reveal strong corre-
lations between altitude and vegetation structure or quality.
This suggests that other factors—such as historical patterns of
land use and lower deforestation pressure in rugged terrain

(Silva et al. 2007; Tabarelli et al. 2010)—may better explain the
species’ elevational distribution. The frugivorous—folivorous diet
of C. nigrifrons (Nagy-Reis and Setz 2017; Coleman and
Hill 2015) may reflect ecological flexibility that enables per-
sistence across a range of habitat conditions. Collectively, these
findings highlight the conservation importance of submontane
forests—particularly those between 500 and 1200m a.s.l.—
which may act as refugia in the face of ongoing environmental
change (Instituto Brasileiro de Geografia e Estatistica
IBGE 2012).

Functional connectivity played a minimal role in predicting
black-fronted titi monkey occurrence, even when combined
with forest cover. Although connectivity facilitates movement
and gene flow, its influence appears weaker than that of forest
cover or altitude. This may reflect the behavioral flexibility of
titi monkeys, which occasionally show terrestrial behavior to
access food or cross gaps (Souza-Alves et al. 2019). Such flexi-
bility may buffer the effects of isolation in heterogeneous
landscapes. However, this potential is constrained by matrix
hostility, as agricultural, pasture, and urban land uses dominate
the region (MapBiomas 2023a) and are typically avoided by titi
monkeys despite their occasional use of the ground (Souza-
Alves et al. 2019). Our findings align with broader evidence that
configuration variables (e.g., connectivity) generally have

7 of 12

850807 SUOWILLOD BATea.0 3(edl|dde ayy Aq peusenob a1e ssjoiie O ‘@SN Jo sa|nJ 1oy Ar.q1T8UIUO A8]IA UO (SUORIPUOD-PUR-SWBIAL0O" A3 | 1M Ae.q]1|Bu JUO//:SANY) SUORIPUOD PUe SWLB | 8L 88S *[9202/50/20] U0 AkeiqiTauljuo A8|Im ‘eisiined fenpeis3 apepsieaiun Aq 62002 'dfe/z00T 0T/I0p/w0 A8 im AeIq 1l juo//:Sciy Wwolj pepeoiumoq ‘6 ‘SZ0Z ‘SrEZ860T



32000

l:| Study area
|:| Brazil
[ Atiantic Forest

Probability of occurrence
0.94

0 5 10 km

FIGURE 3 | Map showing the probability of occurrence of black-fronted titi monkeys (Callicebus nigrifrons) based on the best model (Model 9:
forest cover 250 m + altitude), in the Cantareira-Mantiqueira Corridor, in the states of Sdo Paulo and Minas Gerais, Brazil, considering only forested
areas. Warmer colors (closer to red) indicate higher probabilities of occurrence, whereas cooler colors (closer to blue) indicate lower probabilities.

weaker effects on primate distributions than composition vari-
ables (e.g., forest cover) (Galan-Acedo et al. 2019c).

Vegetation quality and structure, measured by EVI and mean
canopy height, also played a secondary role in predicting
black-fronted titi monkey occurrence. The relationship
between vegetation quality and primate occurrence is com-
plex, potentially due to the coarse resolution of satellite-
derived proxies, which may overlook key local attributes such
as food plant richness, fruiting phenology, or microhabitat
diversity. While one study report correlations between vege-
tation indices and primate biomass (da Silva et al. 2015), fine-
scale assessments emphasize that variables like tree size, flo-
ristic composition, and fruit availability are better predictors of
primate presence (Rovero and Struhsaker 2007). The absence
of strong associations between habitat quality metrics and
species occurrence in our study highlights the limitations of
using remotely sensed proxies alone to capture fine-scale
ecological processes. Future research combining remote
sensing with field-based vegetation assessments may provide a
more comprehensive understanding of habitat suitability for
C. nigrifrons.

The limited influence of fire disturbance history on black-
fronted titi monkey occurrence may be explained by the rarity
of fire events in the study area. Over 88% of surveyed sites had
no recorded fires within a 250 m radius over the past 20 years.
Although fire is not part of the Atlantic Forest's natural dis-
turbance regime (Hardesty et al. 2005), increasing drought
frequency (Centro Nacional de Monitoramento e Alertas de
Desastres Naturais CEMADEN 2024) may raise future fire risks.
Black-fronted titi monkeys show ecological plasticity, thriving
in secondary forests (Trevelin et al. 2007; Martins 2005) and
adjusting their diet during periods of scarcity (Nagy-Reis and
Setz 2017). Nevertheless, preventing fire-related degradation
remains critical for the long-term conservation of forest-
dependent primates.

Overall, our findings demonstrate that forest cover and altitude
are the primary determinants of black-fronted titi monkey
occurrence in the Atlantic Forest. Although the species shows
adaptability to disturbed habitats, its long-term persistence
depends critically on forest conservation, particularly in mid-
elevation ranges (500-1200m) that fall below the 1800 m
threshold for federal permanent preservation areas under
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Brazil's Forest Code. These elevation zones, though not feder-
ally protected, should be prioritized through regional conser-
vation strategies that complement national legislation. Practical
measures should prioritize the protection and expansion of
forest cover in mid- to high-elevation areas (> 500 m), where C.
nigrifrons occurrence is higher. These approaches align with
successful primate conservation frameworks in human-
modified landscapes (Hilario et al. 2024) and could be im-
plemented through payment for ecosystem services programs,
community-based forest management initiatives, and municipal
habitat protection ordinances. Although our study assessed
presence-absence patterns rather than detailed habitat use, the
results provide clear guidance for conservation planning, em-
phasizing the need to protect existing forest cover and restore
connectivity in this vulnerable elevation range. Future research
should combine these landscape-scale findings with movement
ecology data to identify optimal corridor locations and define
minimum viable habitat thresholds to ensure the long-term
survival of the species in human-modified landscapes.
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