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Highlights

What are the main findings?

• Thermal infrared drone footage revealed that Geoffroy’s spider monkey subgroups fre-
quently change in size between sunset and sunrise, indicating that social organization
continues to be dynamic during nighttime hours.

• Changes in subgroup size occurred more frequently when sunset subgroups were
relatively large, indicating that larger subgroups are more likely to undergo nocturnal
reorganization, although the direction of these changes (fission or fusion) varied
among cases.

What are the implications of the main findings?

• These results challenge the assumption that diurnal primates exhibit limited activity
at night and highlight the importance of considering the full 24 h cycle to understand
primate social behavior and ecology.

• The study demonstrates the value of thermal drone technology for documenting
otherwise unobservable nocturnal social dynamics, providing information that is
directly relevant for primate monitoring and conservation.

Abstract

Spider monkeys (Ateles spp.) have traditionally been described as strictly diurnal primates,
with only low levels of activity during the night. Consequently, little attention has been
given to the possibility of nocturnal movements and social dynamics occurring at sleeping
sites. Recent advances in technologies, such as drone-based thermal infrared imaging (TIR),
provide new opportunities to explore behavioral patterns that were previously undetectable
through ground-based observations. In this study, we aimed to evaluate whether Geoffroy’s
spider monkeys (Ateles geoffroyi) change their subgroup size once they are at their sleeping
sites by comparing the numbers of monkeys detected after sunset with those detected
before sunrise using TIR drone surveys. We conducted TIR drone flights over four sleeping
sites of well-habituated Geoffroy’s spider monkey groups in Los Árboles Tulum in the
Yucatán Peninsula, Mexico. We carried out 18 flight pairs—18 flights at sunset when the
majority of individual spider monkeys were expected to have arrived at the sleeping sites,
and 18 flights the next following morning at sunrise—before the monkeys began their daily
movements. Our results revealed that in 12 out of the 18 flight pairs (67%), the number of
monkeys counted at sunset differed from the number counted at sunrise. In 58% of these
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12 flight pairs, more monkeys were counted at sunrise than at sunset. Furthermore, when
changes in subgroup size occurred, they were more frequent (67%) when the subgroups at
sleeping sites were larger (>10 monkeys). These changes in subgroup size are consistent
with the occurrence of fissions and fusions continuing after dark. This study provides
preliminary evidence that Geoffroy’s spider monkeys are more active during the night
than generally assumed. Furthermore, our results highlight the value of TIR drones as
an effective tool for studying primate social dynamics under low-light conditions. Unlike
traditional ground-based observations, which depend on natural light, TIR drones allow for
accurate and reliable monitoring throughout the night. By providing access to behavioral
information that would otherwise remain hidden, this technology opens new possibilities
for understanding the full temporal range of activity of diurnal species.

Keywords: unoccupied aerial vehicles; population monitoring; subgroup size; Ateles;
Yucatan peninsula

1. Introduction
In recent years, drones have increasingly been used to study animal behavior [1,2].

While most studies using this technology have been carried out on animals living in rel-
atively open areas or forming very large groups [3], there is considerable potential for
using drones to study the behavior of arboreal mammals by providing a unique aerial
perspective [4,5]. One of the novel insights that remains largely unexplored is the noc-
turnal behavior of diurnal arboreal mammals. There is increasing evidence that diurnal
mammals are more flexible in their activity patterns than previously thought, showing
at least some level of activity throughout the night [6,7]. Low levels of nocturnal activ-
ity might be attributed to changes in position or sleep disturbances, but some diurnal
mammals have even been observed to undertake foraging expeditions at night [8]. The
advent of thermal infrared (TIR) cameras fitted to drones (hereafter TIR drones) has en-
abled the detection of arboreal mammals in dense tropical forests (e.g., Geoffroy’s spider
monkeys, Ateles geoffroyi: [9,10]), improved group counts (e.g., Cao vit gibbons, Nomascus
nasutus: [11]), and provided information on sleeping site selection (e.g., Hainan gibbons,
Nomascus hainanus: [12]; black douc-shanked langurs, Pygathrix nigripes: [5]). Overall, TIR
drone technology offers a novel means of monitoring nocturnal behavior in diurnal arboreal
species, contributing to a more comprehensive understanding of their ecology and behavior
across the full 24 h cycle.

Recent advances in TIR drone applications reflect a rapidly growing and methodolog-
ically rich field that extends well beyond basic wildlife detection. Optimized flight path
design has been shown to significantly enhance detection efficiency and survey accuracy [13].
Methodological developments have also emphasized the importance of integrating ecological
context, thermal contrast, and environmental conditions when assessing species detectabil-
ity [14]. For example, the development of a global Thermal Detection Index provides a
standardized framework to prioritize research with thermal drones based on species ecology,
thermal properties, and climatic variables [14]. In parallel, recent work has highlighted
how availability and observer errors influence primate detection in thermal drone surveys
conducted in tropical forests, underscoring the need to account for detectability when inter-
preting TIR-based counts [15]. Other studies demonstrated how flight altitude, speed, camera
angle, and sensor characteristics affect detection and classification accuracy in forested envi-
ronments, reinforcing the importance of flight parameter optimization for wildlife monitoring
at night and ecological inference [16,17]. Beyond detection, these advances enable the use
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of drones to quantify fine-scale movement, spatial organization, social interactions, and
temporal activity patterns, including changes in group structure and coordination, through
repeated and spatially-explicit observations that minimize disturbance when appropriate
survey protocols are applied [2]. In particular, drone-based video data combined with auto-
mated tracking approaches allow multiple individuals to be monitored simultaneously while
explicitly linking their movements and social dynamics to the surrounding environmental
context [18]. Together, these advances consolidate thermal drone studies as a robust frame-
work not only for improving detection but also for generating reliable behavioral data on
arboreal mammals in dense forest canopies.

Group living not only provides benefits, such as enhanced defense from predators
and improved foraging efficiency, but also entails costs, such as increased competition
for resources and increased disease transmission, due to the close proximity with con-
specifics [19–21]. Group cohesion (i.e., the tendency of group members to remain in close
proximity) is a characteristic that influences the costs and benefits of group living [22]. The
variation in group cohesion is captured by the degree of fission–fusion dynamics: groups
characterized by a low degree of such dynamics are rather cohesive, whereas groups
characterized by a high-degree split into subgroups that change in size and composition
throughout the day [23]. Fissioning into smaller subgroups can be used to reduce compe-
tition for resources, whereas fusing into larger subgroups can enhance the defense from
predators [24,25]. Although subgrouping patterns have been studied in several species
characterized by a high degree of fission–fusion dynamics (e.g., African elephants, Lox-
odonta africana: [26]; spotted hyenas, Crocuta crocuta: [27]; chimpanzees, Pan troglodytes: [28])
during the day, we know very little about whether subgroup fissions and fusions occur at
night in diurnal mammal species.

Geoffroy’s spider monkeys are a large-bodied diurnal arboreal primate characterized
by a high degree of fission-fusion dynamics [29]. Groups of up to 50 individuals split
into subgroups that change size and composition throughout the day. However, to date,
little is known about the subgrouping patterns of spider monkeys once they settle at their
night sleeping sites. Geoffroy’s spider monkeys use multiple sleeping sites within their
home ranges [30,31]. Such sleeping sites are used repeatedly over a certain period of time
(months, years, decades), but the same sleeping site is not used every night [31]. Given that
all group members do not usually come together at night [31], members of a single group
use multiple sleeping sites every single night as different subgroups are dispersed over
different sleeping sites (Filippo Aureli, pers com). Behavioral observations at a sleeping
site have provided evidence that Geoffroy’s spider monkeys display some level of activity
throughout the night, including the production of whinny vocalizations [32]. The whinny
is a contact call used to locate and identify individuals [33] and occurs typically during
subgroup fissions and fusions [31,33]. Such production of whinnies therefore suggests that
subgroup fissions and fusions may occur during the night.

In species with a high degree of fission–fusion dynamics, data on subgroup size and
composition are needed to characterize the social context in which a behavior takes place.
Hence, while following spider monkeys, researchers usually keep records of changes in
subgroup size and composition due to fissions and fusions. When researchers follow
spider monkeys to their sleeping sites, data on subgroup size and composition at sunset
are therefore accurate. However, the accuracy of such types of data at sunrise is lower
because it is still relatively dark (especially under the canopy) when researchers start to
follow spider monkeys from a sleeping site early in the morning. Thus, it is difficult to
individually identify each monkey and even simply count all subgroup members that
were at a sleeping site. By the time reliable data on subgroup size and composition can be
obtained, the subgroup that slept at a particular sleeping site may have split into two or
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more subgroups, or monkeys that had slept at a nearby sleeping site may have joined the
followed subgroup. The potential occurrence of such subgroup fissions and fusions lowers
the confidence of using the subgroup size and composition obtained sometime after the
monkeys left the sleeping site for the subgroup that was at the sleeping site at sunrise.

In this study, we aimed to evaluate whether Geoffroy’s spider monkeys change their
subgroup size during the night. Given the shortcomings explained above, we could not rely
on data collected through direct observation. We therefore used TIR drones to detect spider
monkeys at their night sleeping sites. To reliably determine whether subgroup size changed
during the night, we compared the numbers of individuals detected in TIR footage taken after
sunset with those taken before sunrise the following morning at the same sleeping site.

2. Methods
2.1. Study Area

We conducted the study in Los Arboles Tulum (LAT; 20◦17′50′′ N, 87◦30′59′′ W), lo-
cated in the municipality of Tulum, Quintana Roo, Mexico (Figure 1). LAT is a 400 ha
sustainable residential development where only 5% of each 2 ha lot can be used for con-
struction, and the remaining area is medium-stature evergreen forest (<30 m tall). We
selected this study site to evaluate changes in spider monkey subgroup size during the
night because a long-term research project on wild spider monkeys has been ongoing
there since 2017 [34]. As a result, detailed information on the location of multiple sleeping
sites (i.e., clusters of trees where spider monkeys pass the night) is available. All sleeping
sites identified within the study area are located within approximately 50 m of residential
houses, a distance at which artificial light and anthropogenic noise may influence noc-
turnal environmental conditions [32]. In addition, previous drone surveys have already
been conducted in LAT [4,10,17,35], and as such, the spider monkeys living in LAT are
habituated to both the presence of researchers and drone flights, reducing the potential
disturbance associated with such monitoring [36]. Our previous flight experience and
long-term study of spider monkeys at the site provided information on the vertical forest
structure, facilitating the safety of night flights.

 

Figure 1. Map of Los Arboles Tulum, Tulum, Mexico, with the grid of the 2 ha lots and the four
Geoffroy’s spider monkey sleeping sites where TIR drone flights were carried out. Sites A, B, C, and
D indicate the name of each sleeping site.
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2.2. TIR Drone Flights

We conducted the TIR drone flights using two drone models: a custom-built quad-
copter in June of 2018 and a Mavic 2 Enterprise Advanced (M2EA) in August of 2025. The
custom-built drone used a 550 mm quadcopter frame made of extruded aluminum arms
and fiberglass plates, providing an optimal strength-to-weight ratio [10]. It was powered
by a 14.8 V lithium polymer (LiPo) battery, allowing for approximately 10 min of flight
time. A Pixhawk 2.1 autopilot running ArduCopter open-source firmware provided flexible
configuration and operation. The system carried a TeAx Fusion Zoom dual-vision camera,
which combines a FLIR Tau2 640 core TIR camera (image size of 640 × 512 pixels) with
a 19 mm lens. The camera assembly was attached to a gimbal to ensure image stability
during flight. The M2EA was equipped with four rotors, allowing for stable flight and
precise maneuverability. It was powered by a high-capacity LiPo 4S battery with a capacity
of 3850 mAh and has a maximum flight time of 31 minutes. This model was equipped
with a high-resolution TIR camera featuring a 9 mm focal length lens (38 mm for 35 mm
equivalent) and an image size of 640 × 512 pixels. This camera records at 30 frames per
second with a temperature measurement accuracy of ± 2 ◦C (DJI Technology Co., Shenzhen,
China). We created the routes and performed the flights using Mission Planner software
(v1.3.52.0; http://ardupilot.org/planner/) for the custom-built drone and the DJI Pilot
application (version 1.1.5) for the M2EA flights. As we used two different drone models
with different TIR sensors, we analyzed the data by drone model to address any potential
influence of differences in optical or thermal characteristics.

We conducted 18 pairs of TIR drone flights over four different sleeping sites used by
three well-habituated spider monkey groups (Figure 1). Eighteen flights were conducted
after sunset (hereafter sunset flights), between 19:00 and 21:25 h (−6 h GMT), and 18 before
sunrise the following morning (hereafter sunrise flights), between 4:30 and 5:45 h. Before
each flight, we confirmed the presence of spider monkeys through direct visual detection
or acoustic detection of their distinctive vocalizations. We performed the 18 sunset flights
after the spider monkeys had settled at each sleeping site. The 18 sunrise flights were
carried out the following morning when the monkeys were still at the same sleeping site
before the monkeys began their daily activities. In 2018, the custom-built quadcopter flew
a lawn-mower grid over the sleeping site at a height of 70 m above ground level (a.g.l.). We
conducted each grid flight using two batteries, with flight duration ranging between 4 and
8 min, and overlap and sidelap fixed at 60% for all grid flights. In 2025, we flew the M2EA
drone along a straight 120 m transect directly over the sleeping site at a height of 50 m
a.g.l. for approximately 3–4 minutes, using one fully charged battery for each individual
flight. For all flights in both years, we positioned the camera at a −90◦ nadir angle and
maintained a constant flight speed of 2 m/s. We estimated the sampling area of each drone
flight based on the ground-projected field of view (FOV) of the thermal sensor and the
spatial extent of the flight trajectories. To project the sensor field of view onto the ground,
we used the following formula:

FOVground = 2 × H × tan(2FOV)

where H is the flight height above ground level, FOV is the sensor’s horizontal field of view
in degrees and tan refers to the tangent trigonometric function. This formula is widely
used to derive image footprint dimensions from sensor geometry and flight height in drone
studies [37]. To estimate the sampling area, we projected the sensor’s field of view onto the
ground and buffered the flight tracks accordingly, dissolving the resulting grid polygons
into a single area per flight. This approach yielded a sampling area for the custom-built
model of approximately 0.91 ha per flight at sleeping site A and 2.25 ha per flight at sleeping
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site B. The sampling area for the M2EA model was approximately 0.65 ha per flight at
both sleeping sites C and D. All buffering, polygon generation, and area calculations were
performed in QGIS (version 3.34.10).

We selected these flight parameters because previous studies have shown that this
combination maximizes the detectability of spider monkeys and yields high agreement
among coders during video review, ensuring consistent and reliable identification of
individuals in TIR footage [17]. Moreover, the selected flight heights have been shown not
to elicit strong behavioral responses in spider monkeys, minimizing potential disturbance
during data collection [36]. During all flights, we recorded a continuous video that we later
reviewed to count all spider monkey individuals.

2.3. Video Review

Video review was conducted by two researchers with extensive experience in detecting
and tracking wild spider monkeys in both direct field observations and TIR drone footage.
To minimize observer bias, the same researcher always reviewed both the sunset and
sunrise recordings of the same flight pair. We reviewed the videos using VLC v3.0.12
(Video LAN Organization, Paris, France) media software, playing them at normal speed.
When needed, we used the slow-motion playback and optical zoom functions to conduct a
more exhaustive and detailed inspection. When we detected spider monkeys, we paused
the footage and replayed the segment multiple times to ensure accurate counting of all
visible individuals. This procedure was especially important when individuals were
clustered together (i.e., in close proximity to one another) or partially overlapped in the
canopy, conditions that could obscure heat signatures and lead to undercounting.

2.4. Data Analysis

To quantify how frequently subgroup size changed during the night we compared
monkey counts obtained from videos recorded from sunset flights with those from the cor-
responding sunrise flights carried out the following morning. We calculated the percentage
of flight pairs in which the number of detected individuals differed between the sunset and
sunrise videos. To determine the direction of these changes, we categorized each pair of
flights as having more individuals detected after sunset, more detected before sunrise, or
the same number in both surveys, and calculated the percentage for each category. This
approach allowed us to describe not only how often subgroup size changed overnight,
but also whether these changes more commonly reflected fissions or fusions. In addition,
during the video review, we classified each detected subgroup as small (<10 individuals)
or large (≥10 individuals; [10], which allowed us to assess whether changes in subgroup
size during the night differed between small and large subgroups.

To assess whether the observed changes in the number of spider monkeys between
paired sunset and sunrise flights differed from random expectation, we conducted a bi-
nomial test. The binomial test evaluated whether the proportion of flights with more
individuals at sunrise differed significantly from a 50:50 expectation. We performed the
binomial test in R version 4.5.2 [38].

3. Results
We detected monkeys in 35 of the 36 videos and found changes in spider monkey

subgroup size at all four sleeping sites monitored (Figure 2). In 12 out of the 18 flight-pair
comparisons (67%), the number of individuals recorded after sunset differed from the
number detected before sunrise. In 58% of these cases (7 out of 12), we detected more
individuals during sunrise flights than during sunset flights (Figure 3), which did not differ
from a 50:50 expectation (binomial test: p = 0.77). When we separated the results by drone
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type, there were changes in the number of individuals between sunset and sunrise footages
in all five custom-built drone flight pairs (100%) and in seven of the thirteen M2EA flight
pairs (54%). Among the flight pairs in which there were changes in subgroup size, we
detected more individuals before sunrise than after sunset in four of the five custom-built
drone flight pairs (80%) and in three of the seven M2EA flight pairs (43%) (Figure 3).
Additionally, when combining flights from both drones, changes in subgroup size were
more frequent when the spider monkey subgroups were relatively large at sunset: in 67%
of the cases where changes occurred (8 out of 12), the sunset subgroups contained 10 or
more individuals (Figure 3). Interestingly, in the subset of relatively large sunset subgroups,
subgroup size decreased in 4 cases and increased in the other 4 cases, with the two largest
sunset subgroups becoming even larger at sunrise.

 

Figure 2. Geoffroy’s spider monkey individuals detected at the same sleeping site during sunset (a)
and sunrise (b). TIR drone flights in Los Arboles Tulum, Mexico. White arrows indicate the location
of detected individuals: 7 monkeys (a) and 5 monkeys (b). Both images were recorded using the
M2EA drone.
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Figure 3. Relation between the number of spider monkeys counted in the TIR footage recorded at
sunset and the number of spider monkeys counted in the TIR footage recorded the following morning
at sunrise at four sleeping sites at Los Arboles Tulum, Mexico. Each point represents detections in
footage recorded in one of the 12 flight pairs in which the numbers of detected monkeys differed
between sunset and sunrise at the same sleeping site. The points for two flight pairs that shared
identical sunset and sunrise counts were slightly jittered. The dashed line represents the 1:1 relation,
with points above the line indicating higher numbers at sunrise.

4. Discussion
In this study, we evaluated nighttime changes in Geoffroy’s spider monkey subgroup

size using TIR drone footage collected at four sleeping sites. Across 18 paired flights
conducted at sunset and at sunrise the following morning, we found that the number of
monkeys differed between sunset and sunrise in 67% of cases, indicating that subgroup
composition changed overnight. Moreover, changes in subgroup size were more frequent
when sunset subgroups were relatively large; in 67% of the cases where changes occurred,
the sunset subgroups contained 10 or more individuals, suggesting that larger subgroups
are more prone to reorganization during the night.

The changes in subgroup size between sunset and sunrise reported here indicate that
spider monkeys may continue to socially reorganize themselves at sleeping sites, suggesting
that the processes characteristic of their daytime fission–fusion dynamics extend into the
nighttime period. In 58% of the flight-pairs in which we found a subgroup change, we
detected more monkeys during sunrise than during sunset flights, implying that additional
individuals joined the sleeping sites during the night. In the remaining 42% of cases, fewer
individuals were counted at sunrise, indicating that some spider monkeys left the sleeping
sites during the night. When we separated the results by drone model, we observed changes
in subgroup size in all flight pairs (100%) conducted with the custom-built drone and in 54%
of the flight pairs conducted with the M2EA drone. Among the cases in which subgroup
size changed, we detected more individuals before sunrise than after sunset in 80% of the
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custom-built drone flight pairs and in 43% of the M2EA flight pairs. Our results show
that despite differences in drone models and TIR sensors, both systems revealed changes
in subgroup size between sunset and sunrise, with subgroup sizes both increasing and
decreasing overnight. This convergence across drone models suggests that the observed
patterns are not solely attributable to detection characteristics, but are consistent with
ongoing nocturnal social reorganization at sleeping sites.

A decrease in the number of individuals (fissions) might be expected, as larger sub-
groups inherently have more potential for internal rearrangement or temporary separations
of subgroup members [23,39]. However, this pattern was not consistent in our dataset.
While four of the large sunset subgroups decreased in size, the other four increased, and
notably, the two largest sunset subgroups became even larger at sunrise. This variable
pattern suggests that subgroup dynamics at sleeping sites do not only depend on the
initial subgroup size. The occurrence of both fission and fusion events possibly reflects
a combination of factors including food availability, predation risk, and individual social
preferences, similar to what has been reported for spider monkey daytime fission–fusion
dynamics [29,40–42].

An increase in the number of individuals (fusions) may be due to some subgroup
members lagging behind during evening travel and joining the others later in the night.
In fact, during some of the 2018 flights that covered a larger area than the sleeping site
due to the lawn-mower grid patterns, we detected other monkeys nearby. An increase
in subgroup size may reflect smaller subgroups joining others from nearby sleeping sites
during the night. Such behavior could enhance safety through increased vigilance and
reduce predation risk, as individuals in larger groups benefit from collective detection
and deterrence of predators [43,44]. In addition, nighttime fusions may potentially have
a thermoregulatory function, as sleeping in close proximity can reduce heat loss during
cooler periods of the night or in different seasons [45]. In other Neotropical primates,
nocturnal sleep behavior and sleeping site selection are often shaped by a balance between
social relationships, predation risk, and thermoregulatory demands, particularly in cooler
environments [46,47]. As we performed the flights in June and August, which are within
the warmest period of the year in the region [48], thermoregulation is unlikely to be a
primary driver of subgroup size changes in our study. Therefore, nighttime increases in
subgroup size are best interpreted as the outcome of multiple interacting social and spatial
processes, involving late arrivals and fusions between nearby subgroups.

Changes in spider monkey subgroup size at night is consistent with recent findings by
Spaan et al. [32], who documented vocal and non-vocal activity throughout the night in
the same population of Geoffroy’s spider monkeys. Nocturnal vocal exchanges may reflect
communication among individuals at the sleeping site and those arriving (cf. [31]). This
nighttime communication may facilitate subgroup reorganization, maintain coordination
among dispersed individuals, or mediate late arrivals. The tendency for spider monkeys
to select sleeping sites that are centrally located within their daily travel routes [31,49]
implies that sleeping sites function as predictable meeting points for individuals returning
from different foraging areas. Consequently, subgroup fusions at these sleeping sites
may help reinforce social relationships by providing opportunities for social interactions,
facilitate information exchange about food locations, and offer antipredator benefits through
increased subgroup size at night [31,50,51].

A further factor that may influence nocturnal subgroup reorganization is nighttime
visibility. Variation in lunar illumination, cloud cover, and artificial light could affect
how spider monkeys navigate, coordinate movements, and reunite with conspecifics after
dark [52,53]. Clear nights with higher moonlight illumination levels and low cloud cover
may facilitate movement within and between sleeping sites and enhance visual detection
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of group members, whereas darker nights could constrain movement and increase reliance
on vocal communication [26,45,46]. We could not assess whether nocturnal changes in
subgroup size occurred more frequently in higher illumination conditions, due to lack
of appropriate data. Although information on moon phase can be obtained from online
sources, cloud cover data are not available at a sufficiently fine spatial and temporal
resolution for our study site and for the exact time windows during which each drone
flight was conducted. Importantly, lunar illumination depends on cloud cover, as high
cloud cover can substantially attenuate moonlight; thus, even during phases of high lunar
illumination (e.g., full moon), heavily overcast nights do not result in high visibility within
the forest [54]. In addition, a substantial proportion of nighttime illumination at our study
sites originates from artificial light sources associated with nearby houses, for which we
have no quantitative data. Future studies integrating TIR drone surveys with detailed
environmental data, including lunar and artificial light levels, would help clarify the role
of nighttime visibility in shaping nocturnal social dynamics in spider monkeys.

Our results also have broader implications for understanding species traditionally clas-
sified as strictly diurnal. In such taxa, nocturnal behavior has often been assumed to consist
exclusively of sleep; however, increasing evidence from direct observation [32], thermal
imaging [12] and passive acoustic monitoring studies [55] suggests that low-level nocturnal
activity, including social communication, may be more widespread than previously recog-
nized. Our results support this view by demonstrating that spider monkeys exhibit social
reorganization during nocturnal hours. From a conservation perspective, understanding
how social organization varies at night is particularly relevant, as subgroup dynamics and
sleeping-site selection can influence vulnerability to anthropogenic disturbances such as
logging, hunting, and habitat fragmentation [56,57]. Spider monkeys rely on specific sleeping
sites and use them repeatedly [30,31]. The subgrouping patterns we documented between
sunset and sunrise suggest that these sites play an important role in social processes during
the night. The removal of trees at these sites due anthropogenic activities could therefore
disrupt these processes by forcing individuals to use unfamiliar or suboptimal sites, poten-
tially decreasing coalescence of subgroups with negative consequences in terms of increased
predation risk and reduced information-exchange opportunities. Such disruptions may also
have broader consequences for the fission-fusion dynamics that characterize the species. In
human-modified landscapes, expanding human activity can alter daytime habitat use and
movement patterns, leading diurnal mammals to increase their use of nighttime periods [58].
In group-living species such as spider monkeys, this type of temporal shift in activity may
alter social reorganization processes at night. Documenting nocturnal changes in subgroup
sizes thus provides important insights into the role of sleeping sites as structural elements
that support social dynamics, emphasizing the need to conserve them to maintain the social
and ecological stability of spider monkey populations.

The use of TIR drones to document spider monkey subgroup-size changes during
the night emphasizes the methodological advantages of remote-sensing technologies for
primate research [59]. Traditional ground-based observation is effective for documenting
daytime activities, but it is often constrained by limited visibility, canopy density, and the
difficulty of accurately counting individuals that spend the majority of their time in the
forest canopy [60]. At night, these limitations become even more pronounced, making
direct observations nearly impossible. TIR drones overcome these limitations by capturing
heat signatures that reveal the presence and number of individuals that are found in the
upper canopy [9,61], as is the case with spider monkeys in their sleeping trees at night.
When flown at appropriate height and flight speed, drones yield reliable and minimally
invasive records of individual presence and subgroup size [36,62]. This is particularly
valuable for species that are sensitive to human presence and where prolonged observation
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at sleeping sites could cause stress or influence group behavior. The use of TIR drones
therefore opens new avenues to study fission–fusion dynamics at night. In addition, TIR
drones enable repeated monitoring of multiple sleeping sites across a landscape, providing
opportunities to examine spatial and temporal variation in subgrouping patterns at night.
Such data can contribute to questions regarding habitat selection, home-range use, and
responses to anthropogenic activities. For conservation management, knowing how many
individuals are present at the sleeping sites provides valuable information to estimate
population size if drone flights covering a large area (and thereby including all potential
sleeping sites of one or multiple groups) are performed in a single night. Repeating such
flights over time can aid detecting demographic changes, which is often challenging for
arboreal primates [63].

When interpreting our results, it is important to consider how detection of individual
spider monkeys is influenced by variation in thermal contrast, potential differences in
sensor characteristics between drone models, and the manual processing of thermal videos.
Previous studies have shown that the time of day at which TIR drone flights are conducted
can affect individual detection [9], as background thermal conditions and thermal contrast
vary throughout the diel cycle. Differences in thermal contrast have also been shown
to influence the level of agreement among coders when manually processing TIR drone
footage, with higher concordance reported in high-contrast environments and lower agree-
ment in areas where heat-absorbing background elements may partially mask animal heat
signatures [17]. Differences in the ambient temperature between sunset and sunrise flights
likely resulted in differences in thermal contrast between animals and their surroundings,
possibly facilitating the detection of monkeys at sunrise. However, we consider the likeli-
hood that these differences in thermal contrast represented a critical source of bias in the
spider monkey counts to be low. In fact, we did not systematically detect more monkeys
in footage recorded at sunrise (39% of flight pairs) as we detected the same number of
individuals in six flight pairs (33%) and more individuals at sunset in five flight pairs (28%).
Furthermore, the binomial test on the 12 flight pairs in which we found a subgroup change
did not reveal a significant difference, indicating that detectability was not consistently
higher before sunrise.

Another factor to consider is that data were collected using two drone models with
different sensors and flight designs, which resulted in differences in the sampling area
among sleeping sites. However, these differences did not influence our paired comparisons
because sunset and sunrise flights at each sleeping site were always conducted using
the same drone model and the same flight pattern, thus sampling the same area in both
flights. Night changes in subgroup size were detected regardless of the drone model,
sensor characteristics, or flight type used, suggesting that the results are unlikely to be
driven by methodological differences in detectability. In addition, it is unlikely that the
spatial arrangement of individuals at sleeping sites influenced detectability in TIR imagery.
Although several individuals may use the same sleeping site, at our study site spider
monkeys usually sleep in multiple contiguous trees rather than clustering together within a
single large tree, making their thermal signatures easily distinguishable. Therefore, the risk
of underestimating group size due to merged thermal signatures is expected to be minor.
While thermal contrast, sensor differences, and manual processing should be considered
when interpreting TIR drone data, they are unlikely to have strongly biased detectability
patterns and the main conclusions of our study.

5. Conclusions
Our finding that subgroup size can change between sunset and sunrise indicates

that spider monkey social organization remains dynamic throughout the night. This
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insight contributes to a more complete understanding of spider monkey behavioral ecology,
emphasizing that even species classified as strictly diurnal may engage in nighttime social
reorganization. Our results indicate that subgroup changes are not restricted to daytime,
but may also occur during the night, potentially facilitating information exchange and
predator avoidance [31,43,44,46,47]. Our study uses TIR drones to explore the nocturnal
activity of spider monkeys and lays the groundwork for future, more comprehensive
research. Overall, our study highlights the importance of incorporating nighttime behavior
into research on diurnal animals to avoid underestimating the temporal patterns of their
social dynamics and its implications.

The use of TIR drone technology can play a crucial role in monitoring primate behavior,
expanding the methodological toolkit available for arboreal mammal research and allowing
researchers to overcome longstanding challenges of nocturnal observation in dense tropical
forests. Beyond improving detectability, this technology also enhances our ability to
document social dynamics across the full 24 h cycle. By enabling consistent, minimally
invasive, and spatially comprehensive nocturnal data collection, TIR drone technology
contributes to a more complete and accurate characterization of arboreal mammal ecology
and behavior, ultimately informing more effective conservation strategies.
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