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Abstract

Climate change poses threats to global biodiversity, particularly in groups such as
American primates, which are restricted to forested ecosystems. Assessing species-
specific and habitat vulnerabilities is crucial to understand how climate change
impacts this group. We investigated the impact of climate change and habitat vulner-
ability for the three species of night monkeys in the Aotus lemurinus complex (A.
grisemembra, A. lemurinus, and A. zonalis), a group of American primates which
is highly vulnerable to environmental disturbance. Using ecological niche modeling,
we projected how different climate scenarios could alter the distribution of the three
species, and calculated a vulnerability transformation index for quantifying suscepti-
bility of natural habitats to conversion into anthropogenic land covers. Our findings
reveal that the currently most favourable habitats for all species will reduce, with A.
griseimembra experiencing the greatest declines, particularly in lowland areas. A.
lemurinus shows relatively smaller habitat losses overall, with the greatest reduction
in Ecuador. A. zonalis is the least-affected species, but still faces some level of risk.
The results emphasize the need for detailed ecological assessments in biogeographi-
cally important regions, particularly areas projected to maintain habitat stability
under future climate scenarios. Targeted research should focus on identifying spe-
cies-specific responses to habitat changes in order to refine conservation strategies for
night monkeys. These findings provide actionable insights for prioritizing highland
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forest restoration, implementing mitigation measures for habitat loss driven by human
activities and climate change, and enhancing monitoring in underexplored regions.

Keywords Conservation - Ecological niche modeling - Fragmentation - Primates -
Vulnerability

Introduction

Climate change and landscape modifications are key topics in ecological and bio-
diversity conservation (Fischer & Lindenmayer, 2007; Galindo-Cruz et al., 2024;
Hagerman et al., 2010; Ramirez-Villegas et al., 2014). These threats impact biodi-
versity at different levels (e.g., population connectivity, trophic dynamics, genetic
and functional diversity), generating changes in distribution across different spa-
tial scales, representing a high risk especially for endemic species (Rani et al.,
2020; Sattar et al., 2021). The loss of intact or relatively undisturbed natural veg-
etation such as primary forests may pose a more immediate threat than climate
change. For example, in America, Brazil and Colombia experienced decreases in
primary forest cover of 36% and 49% respectively, between 2022 and 2023, while
total tropical primary forest loss in 2023 reached 3.7 million hectares (Global
Forest Review, 2024). American forests are listed among the vulnerable ecosys-
tems facing high risks of habitat loss under future climate change scenarios (Fee-
ley et al., 2012, 2013; Rojas-Soto et al., 2012; Prieto et al., 2016). These changes
require a focus on threatened groups and the development of ecosystem-based
strategies to mitigate and adapt to the increasing impacts of climate change (da
Silva et al., 2022; Korstjens & Hillyer, 2016; Ruhl, 2008).

Ecological niche modeling (ENM) offers a robust approach to assessing the
broader impacts of climate change on different species as primates associated
to forested ecosystems (Cavalcante et al., 2020; Sales et al., 2020). ENMs allow
researchers to characterize ecological and bioclimatic niches by using environmen-
tal variables and occurrence data (Moreno-Contreras et al., 2020; Ramirez-Villegas
et al., 2014; Shanee et al., 2015; Warren & Seifert, 2011). This approach enables
the identification of suitable geographical areas under different projected spati-
otemporal scenarios, making it possible to predict potential habitat changes and to
assess species vulnerability to climate and habitat transformation (Alvarado-Ser-
rano & Knowles, 2014; Ramirez-Villegas et al., 2014; Mota-Vargas & Rojas-Soto,
2016; Sales et al., 2020). These methodologies have proven particularly effective in
guiding conservation strategies by identifying priority areas for conservation and
management under climate change scenarios (Estrada et al., 2017; Li et al., 2018;
Moreno-Contreras et al., 2020; Sales et al., 2020).

American primates are highly sensitive to climate change and forest loss, as
changing temperatures and precipitation regimes may affect migration patterns,
reproductive behaviors, and the delicate balance of their populations (Korstjens
& Hillyer, 2016; Carvalho et al., 2019; Bernard & Marshal, 2020; Campos
et al., 2020; Upadhyay, 2020). Moreover, primates face crucial environmental
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challenges, as some species inhabit tropical forests threatened by deforestation,
habitat degradation, and loss of ecological functionality (Edwards et al., 2014;
Giam, 2017). Consequently, American primates are currently experiencing popu-
lation declines, with over 40% of the taxa assessed as threatened by the Inter-
national Union for Conservation of Nature (IUCN; Estrada et al., 2012, 2017,
Fernandez et al., 2022; Korstjens & Hillyer, 2016; Ryland et al., 1997). The
hypothesis that the distribution of American primates could shift to higher ele-
vations under future climate scenarios adds another layer of complexity to their
conservation (Forero-Medina et al., 2010; Iturralde-Pdélit et al., 2017; Li et al.,
2018; Arias-Gonzilez et al., 2021, 2023). While these higher-elevation forests
may serve as potential refuges, they are themselves vulnerable to environmental
changes and may not fully replicate the conditions of lowland habitats (Forero-
Medina et al., 2010; Iturralde-Polit et al., 2017; Sales et al., 2020).

The Aotus lemurinus complex includes three closely related species of night mon-
key: Aotus griseimembra, A. lemurinus, and A. zonalis. These species are character-
ized by gray, dense, woolly fur, relatively small heads with large, striking, red eyes
with white—cream surrounded fur (Fernandez-Duque et al., 2023; Fig. 1). The three
species are restricted to the Americas, encompassing Colombia, Ecuador, Panama,
and Venezuela (Defler, 2003; Montilla et al., 2021; Shanee et al., 2023b; Svensson
et al., 2010). IUCN categorizes A. griseimembra and A. lemurinus as Vulnerable
(VU), and A. zonalis as Near threatened (NT) (Link et al., 2021a, 2021b; Méndez-
Carvajal & Link, 2021). Threats include illegal trafficking and trade, hunting, habitat
degradation, and the transformation of forests to agricultural matrices (Henao-Diaz
et al., 2020; Montilla et al., 2021; Shanee, 2023).

The current distribution of the A. lemurinus complex may be limited by fragmen-
tation, as suggested for other primates (e.g., Alouatta palliata in Mexico, A. senic-
ulus and Cebus albifrons in Colombia, and Brachytheles in Brazil, among others
(Tabarelli et al., 2004; Benchimol & Peres, 2014). As for other American primates,
their dispersal capacity may be influenced and altered by future variable weather
regimes (Carvalho et al., 2019; Bernard & Marshal, 2020), potentially limiting
range extensions due to physiological constraints (Korstjens & Hillyer, 2016; Sales
et al., 2020).

Fig. 1 Faces of the Aotus lemurinus species complex. a A. griseimembra from Puerto Parra, Medium
Magdalena River basin, February 2024 (photograph by Jose Julio), b A. lemurinus from Pijao, Quindio,
Central Andes of Colombia, March 2019 (photograph by Sebastian Montilla), ¢ A. zonalis from Turbo,
Antioquia, Biogeographic Choc6 region, May 2024 (photograph by Ruben Torres).
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Given the current habitat loss, fragmentation, and the compounded effects of cli-
mate change, the distribution of the three night-monkey species in the Aotus lemuri-
nus complex faces a risk of contraction in the near future. In this study, we used
ENMs to evaluate the relative impacts of climate change and habitat vulnerability
on the current and projected distribution of the complex, identify areas of high con-
servation priority, and provide actionable insights into the effective management and
preservation of these primates’ habitats.

Methods
Occurrence Data and Accessible Areas

We obtained species occurrence records for the three species from the Global Bio-
diversity Information Facility (GBIF) and established the distribution patterns
for each species based on studies that describe the species ranges (Defler, 2003;
Henao-Diaz et al., 2020; Mantilla-Meluk & Ortega, 2011; Montilla et al., 2021;
Shanee et al., 2023b). Based on these studies, we selected records from elevations
below 1000 m in the Caribbean region and the Magdalena River basin of Colom-
bia for A. griseimembra, from elevations above 1000 m in the Andes of Colombia,
Ecuador, and Venezuela for A. lemurinus, and from the Choc6—Darién Moist For-
ests at elevations below 1500 m for A. zonalis. We then cleaned the occurrence data
for each species within the A. lemurinus complex by removing sites in areas outside
the ranges defined by previous studies and duplicate records (Cobos et al., 2018).
In total, we used 265 occurrences from elevations between 0 and 990 m in
Colombia to model the ecological niche of A. griseimembra, 213 occurrences from
elevations between 1000 and 3000 m for A. lemurinus (corresponding to Andean
locations in Colombia, Ecuador, and Venezuela), and 80 localities from elevations
between 0 and 780 m for A. zonalis in Colombia and Panama. We created the acces-
sible areas (M sensu Soberon & Peterson, 2005) for each species, by selecting and
adjusting ecoregions to the occurrences (Dinerstein et al., 2017), using the online
version of ArcGis (Esri, 2024; Fig. 2). M refers to the potential geographical space
where a species can occur, which is determined by both environmental factors and
geographic boundaries, such as ecoregions, these areas act as a spatial mask for
cropping bioclimatic variables (Rojas-Soto et al., 2024; Soberon & Peterson, 2005).

Environmental Variables

To characterize the climatic niche of the three species and obtain their potential
distributions, we used bioclimatic variables (1970-2000 timeframe) from the
WorldClim v2.1 database (Fick & Hijmans, 2017) at a 30 arc-second resolution
(~1 km?). From the 19 available bioclimatic variables, we excluded bio 8 (mean
temperature of wettest quarter), bio 9 (mean temperature of driest quarter), bio
18 (precipitation of warmest quarter), and bio 19 (precipitation of coldest quarter;
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Fig.2 Description of records and extension of accessible areas (M) for three night-monkey (Aorus) spe-
cies, based on ecological niche modeling conducted between May 2023 and July 2024. The accessible
areas represent the potential geographic range where the species can occur.

Table 1 in supplementary material). We excluded these variables because they pre-
sent atypical values, which can negatively affect model performance (Booth, 2022;
Escobar et al., 2014). We masked the remaining 15 variables and cropped them to
the extent of the accessible area for each species. Then, we performed a correla-
tion test using the masked environmental variables and identified pairs of variables
with correlation coefficients greater than 0.8 or less than —0.8 (Diaz-Vallejo et al.,
2024). While we retained one variable from each pair for general analyses, we also
created alternative sets of variables for niche modeling to account for the poten-
tial biological relevance of some highly correlated variables (Cobos et al., 2018;
Echeverry-Cardenas et al., 2021; Table 2 in supplementary material).

Ecological Niche Modeling

For each species, we selected 80% of the occurrences randomly for model training,
and used the remaining 20% for model validation. This ensures the model is trained
to recognize spatial similarities between occurrence records and environmental vari-
ables while reserving a subset of data for independent validation (Arango-Lozano
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et al., 2023; Cobos et al., 2019). We identified the best model by testing different
parameter combinations using the Maxent algorithm (Phillips et al., 2006) and
the kuenm package in R (Cobos et al., 2019). We excluded "hinge" and "threshold"
features to reduce response function complexity (Elith et al., 2011) and tested differ-
ent complexities (Warren & Seifert, 2011) by changing the values of the regulariza-
tion multiplier from 0.1 to 1 in intervals of 0.1 and then 2, 3, 4, and 5. We selected
the best models based on the evaluation metrics in kuenm (AUC ratio, omission rate,
and AIC) and projected onto the accessible areas for the species under future shared
socioeconomic pathways (ssp) with the least variation (conservative approach) in
climate conditions (ssp126, ssp245) and the greatest variation (greater modification)
in climate conditions (ssp585) for the years 2041-2060.

We compared the results of five global circulation models (GCMs):
HadGEM3-GC31-LL (GCM1), IPSL-CM6A-LR (GCM2), ACCESS-CM2
(GCM3), EC-Earth3-Veg (GCM4), and UKESM1-0-LL (GCMS5). Each GCM simu-
lates climate dynamics using different datasets, including land cover, oceanic circu-
lation, and atmospheric processes (Padhiary et al., 2020; Yu et al., 2014). Using a
variety of GCMs enhances model robustness, enabling us to assess areas of agree-
ment and divergence for a broader perspective on future climate variability (Padhi-
ary et al., 2020; Reshmidevi et al., 2018).

HadGEM3-GC31-LL: Focuses on ocean—atmosphere interactions, providing
detailed simulations of sea surface temperatures and atmospheric circulation patterns.
IPSL-CMO6A-LR emphasizes the role of cloud processes and their interactions with
aerosols, crucial for understanding radiative forcing and climate sensitivity. ACCESS-
CM?2 shows representations of Southern Hemisphere climate processes, including
the Australian monsoon and ocean—atmosphere coupling. EC-Earth3-Veg integrates
dynamic vegetation models to assess feedback mechanisms between the biosphere and
atmosphere, enhancing predictions related to land-use changes and carbon cycling.
UKESM1-0-LL builds upon the HadGEM3-GC31-LL framework by incorporating
comprehensive land-use feedback, including the effects of agriculture and deforesta-
tion on climate systems. (Garcia-Franco et al., 2020; Reshmidevi et al., 2018).

To obtain the potential distribution under present and future climate-change sce-
narios, we reclassified the output of selected models into presence/absence maps
using the 10-percentile training presence threshold. This approach, where the lowest
10% of training occurrence records (based on the predicted suitability values) are
excluded, helps to account for potential errors or uncertainties in occurrence data
while identifying areas with a higher likelihood of suitable conditions for the spe-
cies. We refer to pixels with a probability of species occurrence=1 as “currently
most favourable conditions” in this study.

Climate Change and Habitat Loss

We evaluated the current and future potential distribution of the three night monkeys
using pixel counts. First, we calculated the percentage of pixels gained, lost, and
stability (with no changes in distribution) in each scenario (ssp and GCM) relative to
the current distribution. Then, we obtained a consensus of potential distribution for
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each species under each ssp scenario, considering agreement among predicted pixels
in at least four of the five GCMs as the consensus potential distribution. We then
used these consensus maps to evaluate potential habitat loss in future scenarios. To
achieve this, we superimposed the current and consensus future ranges (assembled
from areas in four or more GCMs) with a “vulnerability of land cover to anthro-
pogenic change raster” (Esri, 2024). This layer shows areas where natural vegeta-
tion such as forest could be converted to agriculture and urban lands by 2050, based
on the model’s predictions of human-induced land-cover changes (available data in
https://livingatlas.arcgis.com/landcover-2050/). We used a transformation index of
the vulnerability data which ranges from zero to one, where high values indicate
a high susceptibility to natural cover transformation. We classified the raster val-
ues into three vulnerability categories: low (0-0.3), moderate (0.3—-0.7), and high
(0.7-1). For each species” potential distribution in current and future scenarios (con-
sensus model), we obtained the proportion of their distribution on each vulnerability
category using a raster product operation in ArcGIS.

Results
Ecological Niche Modeling

We evaluated 210 niche models for Aotus griseimembra and 290 for A. zonalis. For
both species, only one model parametrization met the model selection criteria. For
A. lemurinus, we evaluated 210 candidate models, of which eight models met kuenm
evaluation criteria. For this species, we selected the model with the lowest omission
rate (Table 3 in supplementary material). The currently most favourable conditions
span 48,602 pixels for A. griseimmebra, 214,359 pixels for A. lemurinus, and 48,602
pixels for A. zonalis.

Climate Change and Habitat Loss

A. griseimembra was the most affected by climate change, especially under the
ssp585 scenario, where losses exceed 70% across all distribution models (Fig. 3).
For A. lemurinus, the loss was greater in GCM4, with stability declining more in the
ssp245 and ssp585 scenarios than ssp126. A. zonalis showed the least loss of distri-
bution area and the most stable range, particularly under ssp126 (Fig. 3).

We observed major changes in the areas occupied by A. griseimembra in all
future scenarios, particularly in low-elevation habitats (<700 m a.s.l), which will
lose the conditions needed to support the species in the Caribbean region of Colom-
bia. The currently most favourable conditions for A. griseimembra may potentially
extend to sub-Andean forests at elevations over 1000 m, where it could find suitable
habitats alongside A. lemurinus (Fig. 4).

A. lemurinus is projected to experience the smallest reduction in areas with the
most favourable conditions under future scenarios when compared to its current suit-
able habitat, which is primarily located in mid- and highlands above 1000 m. This
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is where the displacement of potential distribution for this species is most evident.
The greatest risk for A. lemurinus lies in the ssp585 scenario, particularly affecting
populations in the southernmost regions near Ecuador, where the loss of habitat was
greatest (Fig. 5). Furthermore, new suitable areas are limited to regions with moder-
ate to high vulnerability to environmental change.

For A. zonalis, the most geographically restricted species of the complex, trends in
reduction of the distribution area were smaller than for A. griseimembra, but greater
than those for A. lemurinus. However, the areas maintained in future scenarios are pre-
dominantly (>70%) in habitats with low vulnerability to change (Fig. 6).
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Discussion

Our study shows a reduction in suitable habitats for all three Aofus species under
future climate scenarios, with A. griseimembra experiencing the greatest decline,
particularly in lowland areas of the Caribbean region. A. lemurinus is less affected
but still shows potential habitat losses in regions close to Ecuador under the ssp585
scenario, which represents a high-emissions pathway characterized by rapid eco-
nomic growth, heavy reliance on fossil fuels, and limited implementation of cli-
mate policies (Upadhyay, 2020; Yu et al., 2014). Although new suitable habitats
may emerge in higher elevations of the Andes, these areas face high vulnerability
to transformation to modified land uses (Ramirez-Villegas et al., 2014; Maiti, 2016;
Fadrique et al., 2018; Tovar et al., 2022; Global Forest Review, 2024).

This pattern of habitat reduction is not unique to Aofus species. Other primates,
including those of the genera Ateles, Alouatta, Cebus, Mico, Saguinus, and Saimiri,
also face similar habitat reductions under climate scenarios due to their reliance on
forested areas (Iturralde-Polit et al., 2017; Carvahlo et al., 2019; da Silva et al., 2022).
Comparative studies of these primates reveal a broader vulnerability pattern among
arboreal species with specialized ecological niches, further emphasizing the risks
posed by climate change (Estrada et al., 2017; Carvahlo et al., 2019; Sales et al., 2020).

Our models show contrasting responses within the Aotus lemurinus species com-
plex under future climate scenarios, offering insights into their vulnerability. A. zona-
lis, the most geographically restricted species, shows the potential to maintain some
of its habitat at lower to middle elevations, However, these areas are not immune to
climate impacts. In contrast, A. griseimembra and A. lemurinus face more substantial
habitat reduction, particularly in southern regions near Ecuador and the threatened
dry forests of Colombia (Miles et al., 2006), It is aligned with research on other pri-
mates, such as Ateles marginatus, A. paniscus, Alouatta palliata, Cebus aequatoria-
lis, which also show habitat losses concentrated in lowland forest ecosystems due to
climate and land-use changes (Cavalcante et al., 2024; Shanee et al., 2023a).

While new suitable habitats may emerge at higher elevations for A. griseimem-
bra, these areas are identified as highly vulnerable to environmental change, pos-
ing crucial conservation challenges (Estrada et al., 2017; Sales et al., 2020). This
mirrors patterns observed in Saguinus leucopus, S. oedipus, Plecturocebus ornatus,
and P. caquetensis, where high elevations offer refuge but are increasingly at risk
due to climate warming and limited space (Arias-Gonzalez et al., 2021, 2023).

The Andean cordilleras harbor diverse forest habitats that are undergoing
changes in temperature and decreasing precipitation, potentially causing higher ele-
vation forests to resemble those found at lower elevations (Béez et al., 2022; Fad-
rique et al., 2018; Feeley et al., 2013; Peters et al., 2013). Although future scenarios
show suitable areas for both A. griseimembra and A. lemurinus, overlaying the cur-
rent distribution of each species onto a vulnerability to change layer across America
suggests that potential suitable conditions may be even more limited than antici-
pated. Specifically, over 30% of areas are classified as being highly vulnerable to
change in general records for the year 2050. This assessment considers the possible
loss of natural habitats to agricultural and/or urban mixed coverages in the future,
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which is one of the most common threats to American primates (Estrada et al., 201;
Gongalves et al., 2021; Magioli et al., 2021; Galan-Acedo et al., 2024).

The designation of high vulnerability to change areas does not necessarily imply
that conservation efforts will prevent the transformation of natural habitats (as pri-
mary forests) to anthropogenic zones; rather, these areas are critical because they
are where imminent transformation is most likely (Global Forest Review, 2024).
This raises a key question of whether conservation strategies should focus solely on
high vulnerability areas (Arias-Gonzalez et al., 2021, 2023; Carvalho et al., 2019;
Cavalcante et al., 2020), or whether they should also consider areas with lower or
moderate vulnerability. This dilemma underscores the current lack of clear protocols
for prioritizing conservation efforts in the face of inevitable environmental change
(Bernard & Marshall, 2020; Carvalho et al., 2019; da Silva et al., 2022; Sales et al.,
2020). We suggest that focusing on moderate vulnerability areas (‘“yellow zones™)
could be a particularly effective strategy. These areas are less likely to undergo rapid
change than high vulnerability (“red zones”), yet they are still critical for maintain-
ing habitat connectivity and supporting primate populations (Carvalho et al., 2019;
Fernandez et al., 2022; Shanee, 2023). In addition, monitoring land use and changes
over the coming years will be crucial to verify trends in vulnerability and ensure
alignment with conservation priorities (Carvalho et al., 2019; Gongalves et al., 2021;
Maiti, 2016; Rani et al., 2020; Rojas-Soto et al., 2012).

The most geographically restricted species in our study, A. zonalis shows minor
overall reductions, with future scenarios indicating a greater proportion of areas
with low vulnerability to environmental change. Our findings do not suggest a
potential shift in this primate distribution from lowland to highland regions, but fur-
ther research is needed to confirm these trends and ensure accurate future habitat
projections. We recommend increased conservation efforts focused on the protec-
tion and restoration of forests, enhanced monitoring and data collection in under-
explored regions, and the implementation of strategies to mitigate habitat loss due
to agricultural expansion, logging, and climate change. Additionally, a comprehen-
sive understanding of the genetic diversity and resilience of isolated populations will
be crucial for developing effective conservation plans to safeguard these vulnerable
species amid ongoing environmental changes.

While our models provide valuable insights into the potential impacts of climate
change on the Aotus lemurinus complex, ENMs assume equilibrium between species
and their environment, which can oversimplify species—environment relationships,
especially under rapidly changing climatic conditions (Zhang et al., 2019). This static
approach does not account for dynamic or stochastic processes, such as extreme cli-
mate events, which recent research highlights as major drivers of biodiversity loss and
population decline (Kiribou et al., 2024). For instance, severe droughts, heatwaves, or
other extreme events could disproportionately affect primate populations by exacerbat-
ing habitat loss, reducing food availability, or increasing physiological stress (Kiribou
et al., 2024; Zhang et al., 2019). While our models predict shifts in suitable habitats,
they do not capture these short-term but potentially catastrophic events. Incorporating
such dynamics in future models, possibly by integrating data on extreme events and
their ecological impacts, would improve the robustness of predictions and provide a
more comprehensive assessment of species vulnerability.
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