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Highlights 13 

What are the main findings? 14 

• Thermal infrared drone footage revealed that Geoffroy’s spider monkey subgroups 15 

frequently change in size between sunset and sunrise, indicating that social organi- 16 

zation continues to be dynamic during nighttime hours. 17 

• Changes in subgroup size occurred more frequently when sunset subgroups were 18 

relatively large, indicating that larger subgroups are more likely to undergo noctur- 19 

nal reorganization, although the direction of these changes (fission or fusion) varied 20 

among cases. 21 

What are the implications of the main findings? 22 

• These results challenge the assumption that diurnal primates exhibit limited activity 23 

at night and highlight the importance of considering the full 24-hour cycle to under- 24 

stand primate social behavior and ecology. 25 

• The study demonstrates the value of thermal drone technology for documenting oth- 26 

erwise unobservable nocturnal social dynamics, providing information that is di- 27 

rectly relevant for primate monitoring and conservation. 28 

Abstract 29 

Spider monkeys (Ateles spp.) have traditionally been described as strictly diurnal primates, 30 

with only low levels of activity during the night. Consequently, little attention has been 31 

given to the possibility of nocturnal movements and social dynamics occurring at sleeping 32 

sites. Recent advances in technologies, such as drone-based thermal infrared imaging 33 

(TIR), provide new opportunities to explore behavioral patterns that were previously un- 34 

detectable through ground-based observations. In this study, we aimed to evaluate 35 

whether Geoffroy´s spider monkeys (Ateles geoffroyi) change their subgroup size once they 36 

are at their sleeping sites by comparing the numbers of monkeys detected after sunset 37 

with those detected before sunrise using TIR drone surveys. We conducted TIR drone 38 

flights over four sleeping sites of well-habituated Geoffroy´s spider monkey groups in 39 

Los Árboles Tulum, in the Yucatán Peninsula, Mexico. We carried out 18 flight pairs: 18 40 
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flights at sunset when the majority of individual spider monkeys were expected to have 41 

arrived at the sleeping sites, and 18 flights the next following morning at sunrise, before 42 

the monkeys began their daily movements. Our results revealed that in 12 out of the 18 43 

flight pairs (67%), the number of monkeys counted at sunset differed from the number 44 

counted at sunrise. In 58% of these 12 flight pairs, more monkeys were counted at sunrise 45 

than at sunset. Furthermore, when changes in subgroup size occurred, they were more 46 

frequent (67%) when the subgroups at sleeping sites were larger (>10 monkeys). These 47 

changes in subgroup size are consistent with the occurrence of fissions and fusions con- 48 

tinuing after dark. This study provides preliminary evidence that Geoffroy’s spider mon- 49 

keys are more active during the night than generally assumed. Furthermore, our results 50 

highlight the value of TIR drones as an effective tool for studying primate social dynamics 51 

under low-light conditions. Unlike traditional ground-based observations, which depend 52 

on natural light, TIR drones allow for accurate and reliable monitoring throughout the 53 

night. By providing access to behavioral information that would otherwise remain hid- 54 

den, this technology opens new possibilities for understanding the full temporal range of 55 

activity of diurnal species. 56 

 57 

Keywords: unoccupied aerial vehicles; population monitoring; subgroup size; Ateles; Yu- 58 

catan Peninsula. 59 

 60 

1. Introduction 61 

In recent years, drones have increasingly been used to study animal behavior [1, 2]. 62 

While most studies using this technology have been carried out on animals living in rela- 63 

tively open areas or forming very large groups [3], there is considerable potential for using 64 

drones to study the behavior of arboreal mammals by providing a unique aerial perspec- 65 

tive [4, 5]. One of the novel insights that remains largely unexplored is the nocturnal be- 66 

havior of diurnal arboreal mammals. There is increasing evidence that diurnal mammals 67 

are more flexible in their activity patterns than previously thought, showing at least some 68 

level of activity throughout the night [6, 7]. Low levels of nocturnal activity might be at- 69 

tributed to changes in position or sleep disturbances, but some diurnal mammals have 70 

even been observed to undertake foraging expeditions at night [8]. The advent of thermal 71 

infrared (TIR) cameras fitted to drones (hereafter TIR drones) has enabled the detection of 72 

arboreal mammals in dense tropical forests (e.g., Geoffroy´s spider monkeys, Ateles geof- 73 

froyi: [9, 10]), improved group counts (e.g., Cao vit gibbons, Nomascus nasutus: [11]), and 74 

provided information on sleeping site selection (e.g., Hainan gibbons, Nomascus hainanus: 75 

[12]; black douc-shanked langurs, Pygathrix nigripes: [5]). Overall, TIR drone technology 76 

offers a novel means of monitoring nocturnal behavior in diurnal arboreal species, con- 77 

tributing to a more comprehensive understanding of their ecology and behavior across 78 

the full 24-hour cycle. 79 

Recent advances in TIR drone applications reflect a rapidly growing and methodo- 80 

logically rich field that extends well beyond basic wildlife detection. Optimized flight path 81 

design has been shown to significantly enhance detection efficiency and survey accuracy 82 

[13]. Methodological developments have also emphasized the importance of integrating 83 

ecological context, thermal contrast, and environmental conditions when assessing spe- 84 

cies detectability [14]. For example, the development of a global Thermal Detection Index 85 

provides a standardized framework to prioritize research with thermal drones based on 86 

species ecology, thermal properties, and climatic variables [14]. In parallel, recent work 87 

has highlighted how availability and observer errors influence primate detection in 88 
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thermal drone surveys conducted in tropical forests, underscoring the need to account for 89 

detectability when interpreting TIR-based counts [15]. Other studies demonstrated how 90 

flight altitude, speed, camera angle, and sensor characteristics affect detection and classi- 91 

fication accuracy in forested environments, reinforcing the importance of flight parameter 92 

optimization for wildlife monitoring at night and ecological inference [16, 17]. Beyond 93 

detection, these advances enable the use of drones to quantify fine-scale movement, spa- 94 

tial organization, social interactions, and temporal activity patterns, including changes in 95 

group structure and coordination, through repeated and spatially explicit observations 96 

that minimize disturbance when appropriate survey protocols are applied [2]. In particu- 97 

lar, drone-based video data combined with automated tracking approaches allow multi- 98 

ple individuals to be monitored simultaneously while explicitly linking their movements 99 

and social dynamics to the surrounding environmental context [18]. Together, these ad- 100 

vances consolidate thermal drone studies as a robust framework not only for improving 101 

detection, but also for generating reliable behavioral data on arboreal mammals in dense 102 

forest canopies. 103 

Group living provides benefits, such as enhanced defense from predators and im- 104 

proved foraging efficiency, but also entails costs, such as increased competition for re- 105 

sources and increased disease transmission, due to the close proximity with conspecifics 106 

[19–21]. Group cohesion (i.e., the tendency of group members to remain in close proxim- 107 

ity) is a characteristic that influences the costs and benefits of group living [22]. The vari- 108 

ation in group cohesion is captured by the degree of fission-fusion dynamics: groups char- 109 

acterized by a low degree of such dynamics are rather cohesive, whereas groups charac- 110 

terized by a high degree split into subgroups that change in size and composition through- 111 

out the day [23]. Fissioning into smaller subgroups can be used to reduce competition for 112 

resources, whereas fusing into larger subgroups can enhance the defense from predators 113 

[24, 25]. Although subgrouping patterns have been studied in several species character- 114 

ized by a high degree of fission-fusion dynamics (e.g., African elephants, Loxodonta afri- 115 

cana: [26]; spotted hyenas, Crocuta crocuta: [27]; chimpanzees, Pan troglodytes: [28]) during 116 

the day, we know very little about whether subgroup fissions and fusions occur at night 117 

in diurnal mammal species. 118 

Geoffroy´s spider monkeys are a large-bodied diurnal arboreal primate characterized 119 

by a high degree of fission-fusion dynamics [29]. Groups of up to 50 individuals split into 120 

subgroups that change size and composition throughout the day. However, to date little 121 

is known about the subgrouping patterns of spider monkeys once they settle at their night 122 

sleeping sites. Geoffroy’s spider monkeys use multiple sleeping sites within their home 123 

ranges [30, 31]. Such sleeping sites are used repeatedly over a certain period of time 124 

(months, years, decades), but the same sleeping site is not used every night [31]. Given 125 

that all group members do not usually come together at night [31], members of a single 126 

group use multiple sleeping sites every single night as different subgroups are dispersed 127 

over different sleeping sites (Filippo Aureli, pers com). Behavioral observations at a sleep- 128 

ing site have provided evidence that Geoffroy´s spider monkeys display some level of 129 

activity throughout the night, including the production of whinny vocalizations [32]. The 130 

whinny is a contact call used to locate and identify individuals [33] and occurs typically 131 

during subgroup fissions and fusions [31, 33]. Such production of whinnies therefore sug- 132 

gests that subgroup fissions and fusions may occur during the night.  133 

In species with a high degree of fission-fusion dynamics, data on subgroup size and 134 

composition are needed to characterize the social context in which any behavior takes 135 

place. Hence, while following spider monkeys, researchers usually keep records of 136 

changes in subgroup size and composition due to fissions and fusions. When researchers 137 

follow spider monkeys until their sleeping sites, data on subgroup size and composition 138 

at sunset are therefore accurate. However, the accuracy of such types of data at sunrise is 139 
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lower because it is still relatively dark (especially under the canopy) when researchers 140 

start to follow spider monkeys from a sleeping site early in the morning. Thus, it is diffi- 141 

cult to individually identify each monkey and even simply count all subgroup members 142 

that were at a sleeping site. By the time reliable data on subgroup size and composition 143 

can be obtained, the subgroup that slept at a particular sleeping site may have split into 144 

two or more subgroups, or monkeys that had slept at a nearby sleeping site may have 145 

joined the followed subgroup. The potential occurrence of such subgroup fissions and 146 

fusions lowers the confidence of using the subgroup size and composition obtained some- 147 

time after the monkeys left the sleeping site also for the subgroup that was at the sleeping 148 

site at sunrise.  149 

In this study, we aimed to evaluate whether Geoffroy´s spider monkeys change their 150 

subgroup size during the night. Given the shortcomings explained above, we could not 151 

rely on data collected through direct observations. We therefore used TIR drones to detect 152 

spider monkeys at their night sleeping sites. To reliably determine whether subgroup size 153 

changed during the night, we compared the numbers of individuals detected in TIR foot- 154 

age taken after sunset with those taken before sunrise the following morning at the same 155 

sleeping site. 156 

2. Methods 157 

2.1 Study area 158 

We conducted the study in Los Arboles Tulum (LAT; 20°17′50″ N, 87°30′59″ W), lo- 159 

cated in the municipality of Tulum, Quintana Roo, Mexico (Figure 1). LAT is a 400-ha 160 

sustainable residential development where only 5% of each 2-ha lot can be used for con- 161 

struction, and the remaining area is medium-stature evergreen forest (<30 m tall). We se- 162 

lected this study site to evaluate changes in spider monkey subgroup size during the night 163 

because a long-term research project on wild spider monkeys has been ongoing there since 164 

2017 [34]. As a result, detailed information on the location of multiple sleeping sites (i.e., 165 

clusters of trees where spider monkeys pass the night) is available. All sleeping sites iden- 166 

tified within the study area are located within approximately 50 m of residential houses, 167 

a distance at which artificial light and anthropogenic noise may influence nocturnal envi- 168 

ronmental conditions [32]. In addition, previous drone surveys have already been con- 169 

ducted in LAT [4, 10, 17, 35], and as such the spider monkeys living in LAT are habituated 170 

to both the presence of researchers and drone flights, reducing the potential disturbance 171 

associated with such monitoring [36]. Our previous flight experience and long-term study 172 

of spider monkeys at the site provided information on the vertical forest structure, facili- 173 

tating the safety of night flights.  174 

 175 
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Figure 1. Map of Los Arboles Tulum, Tulum, Mexico. With the grid of the 2-ha lots 177 

and the four Geoffroy’s spider monkeys sleeping sites where TIR done flights were carried 178 

out. 179 

 180 

2.2 TIR drone flights 181 

We conducted the TIR drone flights using two drone models: a custom-built quad- 182 

copter in June of 2018 and a Mavic 2 Enterprise Advanced (M2EA) in August of 2025. The 183 

custom-built drone used a 550 mm quadcopter frame made of extruded aluminum arms 184 

and fiberglass plates, providing an optimal strength-to-weight ratio [10]. It was powered 185 

by a 14.8 V lithium polymer (LiPo) battery, allowing for approximately 10 minutes of 186 

flight time. A Pixhawk 2.1 autopilot running ArduCopter open-source firmware provided 187 

flexible configuration and operation. The system carried a TeAx Fusion Zoom dual-vision 188 

camera, which combines a FLIR Tau2 640 core TIR camera (image size of 640 × 512 pixels) 189 

with a 19 mm lens. The camera assembly was attached to a gimbal to ensure image stabil- 190 

ity during flight. The M2EA was equipped with four rotors, allowing for stable flight and 191 

precise maneuverability. It was powered by a high-capacity LiPo 4S battery with a capac- 192 

ity of 3850 mAh and has a maximum flight time of 31 min. This model was equipped with 193 

a high-resolution TIR camera featuring a 9 mm focal length lens (38 mm for 35 mm equiv- 194 

alent) and an image size of 640 × 512 pixels. This camera records at 30 frames per second 195 

with a temperature measurement accuracy of ±2 °C (DJI Technology Co., Shenzhen, 196 

China). We created the routes and performed the flights using ArduPilot for the custom- 197 

built drone and the DJI Pilot application (version 1.1.5) for the M2EA flights. As we used 198 

two different drone models with different TIR sensors, we also analyzed the data 199 
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separately by drone model to address any potential influence of differences in optical or 200 

thermal characteristics. 201 

We conducted 18 pairs of TIR drone flights over four different sleeping sites used by 202 

three well-habituated spider monkey groups (Figure 1). Eighteen flights were conducted 203 

after sunset (hereafter sunset flights), between 19:00 and 21:25 hours (-6h GMT), and 18 204 

before sunrise the following morning (hereafter sunrise flights), between 4:30 and 5:45 205 

hours. Before each flight, we confirmed the presence of spider monkeys through direct 206 

visual detection or acoustic detection of their distinctive vocalizations. We performed the 207 

18 sunset flights after the spider monkeys had settled at each sleeping site. The 18 sunrise 208 

flights were carried out the following morning when the monkeys were still at the same 209 

sleeping site before the monkeys began their daily activities. In 2018, the custom-built 210 

quadcopter flew a lawn-mower grid over the sleeping site at a height of 70 m above 211 

ground level (a.g.l.). We conducted each grid flight using two batteries, with flight dura- 212 

tion ranging between 4 and 8 min, and overlap and sidelap fixed at 60% for all grid flights. 213 

In 2025, we flew the M2EA drone along a straight 120 m transect directly over the sleeping 214 

site at a height of 50 m a.g.l. for approximately 3–4 minutes, using one fully charged bat- 215 

tery for each individual flight. For all flights in both years, we positioned the camera at a 216 

−90° nadir angle and maintained a constant flight speed of 2 m/s. We estimated the sam- 217 

pling area of each drone flight based on the ground-projected field of view (FOV) of the 218 

thermal sensor and the spatial extent of the flight trajectories. To project the sensor field 219 

of view onto the ground, we used the following formula: 220 

 221 

FOVground = 2 × H × tan(2FOV) 222 

 223 

where H is the flight height above ground level, FOV is the sensor’s horizontal field 224 

of view in degrees and tan refers to the tangent trigonometric function. This formula is 225 

widely used to derive image footprint dimensions from sensor geometry and flight height 226 

in drone studies [37]. To estimate the sampling area, we projected the sensor’s field of 227 

view onto the ground and buffered the flight tracks accordingly, dissolving the resulting 228 

grid polygons into a single area per flight. This approach yielded a sampling area for the 229 

custom-built model of approximately 0.91 ha per flight at sleeping site A and 2.25 ha per 230 

flight at sleeping site B. The sampling area for the M2EA model was approximately 0.65 231 

ha per flight at both sleeping sites C and D. All buffering, polygon generation, and area 232 

calculations were performed in QGIS (version 3.34.10).  233 

We selected these flight parameters because previous studies have shown that this 234 

combination maximizes the detectability of spider monkeys and yields high agreement 235 

among coders during video review, ensuring consistent and reliable identification of in- 236 

dividuals in TIR footage [17]. Moreover, the selected flight heights have been shown not 237 

to elicit strong behavioral responses in spider monkeys, minimizing potential disturbance 238 

during data collection [36]. During all flights, we recorded a continuous video that we 239 

later reviewed to count all spider monkey individuals.  240 

 241 

2.3 Video review 242 

Video review was conducted by two researchers with extensive experience in detect- 243 

ing and tracking wild spider monkeys in both direct field observations and TIR drone 244 

footage. To minimize observer bias, the same researcher always reviewed both the sunset 245 

and sunrise recordings of the same flight pair. We reviewed the videos using VLC 3.0.12 246 

(Video LAN Organization, Paris, France) media software, playing them at normal speed. 247 

When needed, we used the slow-motion playback and optical zoom functions to conduct 248 

a more exhaustive and detailed inspection. When we detected spider monkeys, we paused 249 

the footage and replayed the segment multiple times to ensure accurate counting of all 250 
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visible individuals. This procedure was especially important when individuals were clus- 251 

tered together (i.e., in close proximity to one another) or partially overlapped in the can- 252 

opy, conditions that could obscure heat signatures and lead to undercounting.  253 

 254 

2.4 Data analysis 255 

To quantify how frequently subgroup size changed during the night we compared 256 

monkey counts obtained from videos recorded from sunset flights with those from the 257 

corresponding sunrise flights carried out the following morning. We calculated the per- 258 

centage of flight pairs in which the number of detected individuals differed between the 259 

sunset and sunrise videos. To determine the direction of these changes, we categorized 260 

each pair of flights as having more individuals detected after sunset, more detected before 261 

sunrise, or the same number in both surveys, and calculated the percentage for each cate- 262 

gory. This approach allowed us to describe not only how often subgroup size changed 263 

overnight, but also whether these changes more commonly reflected fissions or fusions. 264 

In addition, during the video review, we classified each detected subgroup as small (<10 265 

individuals) or large (≥10 individuals; [10], which allowed us to assess whether changes 266 

in subgroup size during the night differed between small and large subgroups. 267 

To assess whether the observed changes in the number of spider monkeys between 268 

paired sunset and sunrise flights differed from random expectation, we conducted a bi- 269 

nomial test. The binomial test evaluated whether the proportion of flights with more in- 270 

dividuals at sunrise differed significantly from a 50:50 expectation. We performed the bi- 271 

nomial test in R version 4.5.2 [38]. 272 

3. Results 273 

We detected monkeys in 35 of the 36 videos, and found changes in spider monkey 274 

subgroup size at all four sleeping sites monitored (Figure 2). In 12 out of the 18 flight-pair 275 

comparisons (67%), the number of individuals recorded after sunset differed from the 276 

number detected before sunrise. In 58% of these cases (7 out of 12), we detected more 277 

individuals during sunrise flights than during sunset flights (Figure 3), which did not dif- 278 

fer from a 50:50 expectation (binomial test: p = 0.77). When we separated the results by 279 

drone type, there were changes in the number of individuals between sunset and sunrise 280 

footages in all five custom-built drone flight pairs (100%) and in seven of the thirteen 281 

M2EA flight pairs (54%). Among the flight pairs in which there were changes in subgroup 282 

size, we detected more individuals before sunrise than after sunset in four of the five cus- 283 

tom-built drone flight pairs (80%) and in three of the seven M2EA flight pairs (43%) (Fig- 284 

ure 3). Additionally, when combining flights from both drones, changes in subgroup size 285 

were more frequent when the spider monkey subgroups were relatively large at sunset: 286 

in 67% of the cases where changes occurred (8 out of 12), the sunset subgroups contained 287 

10 or more individuals (Figure 3). Interestingly, in the subset of relatively large sunset 288 

subgroups, subgroup size decreased in 4 cases and increased in the other 4 cases, with the 289 

two largest sunset subgroups becoming even larger at sunrise. 290 
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 292 

Figure 2.  Geoffroy’s spider monkey individuals detected at the same sleeping site 293 

during sunset (a) and sunrise (b) TIR drone flights in Los Arboles Tulum, Mexico. White 294 

arrows indicate the location of detected individuals, 7 monkeys (a) and 5 monkeys (b). 295 

Both images were recorded using the M2EA drone. 296 

 297 

 298 
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 299 

Figure 3. Relation between the number of spider monkeys counted in the TIR footage 300 

recorded at sunset and the number of spider monkeys counted in the TIR footage recorded 301 

the following morning at sunrise at four sleeping sites at Los Arboles Tulum, Mexico. Each 302 

point represents detections in footage recorded in one of the 12 flight pairs in which the 303 

numbers of detected monkeys differed between sunset and sunrise at the same sleeping 304 

site. The points for two flight pairs that shared identical sunset and sunrise counts were 305 

slightly jittered. The dashed line represents the 1:1 relation, with points above the line 306 

indicating higher numbers at sunrise. 307 

4. Discussion 308 

In this study, we evaluated nighttime changes in Geoffroy’s spider monkey subgroup 309 

size using TIR drone footage collected at four sleeping sites. Across 18 paired flights con- 310 

ducted at sunset and at sunrise the following morning, we found that the number of mon- 311 

keys differed between sunset and sunrise in 67% of cases, indicating that subgroup com- 312 

position changed overnight. Moreover, changes in subgroup size were more frequent 313 

when sunset subgroups were relatively large; in 67% of the cases where changes occurred, 314 

the sunset subgroups contained 10 or more individuals, suggesting that larger subgroups 315 

are more prone to reorganization during the night. 316 

The changes in subgroup size between sunset and sunrise reported here indicate that 317 

spider monkeys may continue to socially reorganize themselves at sleeping sites, suggest- 318 

ing that the processes characteristic of their daytime fission–fusion dynamics extend into 319 

the nighttime period. In 58% of the flight-pairs in which we found a subgroup change, we 320 

detected more monkeys during sunrise than during sunset flights, implying that addi- 321 

tional individuals joined the sleeping sites during the night. In the remaining 42% of cases, 322 

fewer individuals were counted at sunrise, indicating that some spider monkeys left the 323 

sleeping sites during the night. When we separated the results by drone model, we ob- 324 

served changes in subgroup size in all flight pairs (100%) conducted with the custom-built 325 

drone and in 54% of the flight pairs conducted with the M2EA drone. Among the cases in 326 
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which subgroup size changed, we detected more individuals before sunrise than after 327 

sunset in 80% of the custom-built drone flight pairs and in 43% of the M2EA flight pairs. 328 

Our results show that despite differences in drone models and TIR sensors, both systems 329 

revealed changes in subgroup size between sunset and sunrise, with subgroup sizes both 330 

increasing and decreasing overnight. This convergence across drone models suggests that 331 

the observed patterns are not solely attributable to detection characteristics, but are con- 332 

sistent with ongoing nocturnal social reorganization at sleeping sites. 333 

A decrease in the number of individuals (fissions) might be expected, as larger sub- 334 

groups inherently have more potential for internal rearrangement or temporary separa- 335 

tions of subgroup members [23, 39]. However, this pattern was not consistent in our da- 336 

taset. While four of the large sunset subgroups decreased in size, the other four increased, 337 

and notably, the two largest sunset subgroups became even larger at sunrise. This variable 338 

pattern suggests that subgroup dynamics at sleeping sites do not only depend on the ini- 339 

tial subgroup size, with both fission and fusion events possibly reflecting a combination 340 

of factors including food availability, predation risk and individual social preferences, 341 

similar to what reported for their daytime fission–fusion dynamics [29, 40–42]. 342 

An increase in the number of individuals (fusions) may be due to some subgroup 343 

members lagging behind during evening travel and join the others later in the night. In 344 

fact, during some of the 2018 flights, that covered a larger area than the sleeping site due 345 

to the lawn-mower grid patterns, we detected other monkeys nearby. An increase in sub- 346 

group size may reflect smaller subgroups joining others from nearby sleeping sites during 347 

the night. Such behavior could enhance safety through increased vigilance and reduce 348 

predation risk, as individuals in larger groups benefit from collective detection and deter- 349 

rence of predators [43, 44]. In addition, nighttime fusions may potentially have a ther- 350 

moregulatory function, as sleeping in close proximity can reduce heat loss during cooler 351 

periods like the night or through different seasons [45]. In other Neotropical primates, 352 

nocturnal sleeping behavior and site selection are often shaped by a balance between so- 353 

cial relationships, predation risk, and thermoregulatory demands, particularly in cooler 354 

environments [46, 47]. As we performed the flights during June and August, which are 355 

within the warmest period of the year in the region [48], thermoregulation is unlikely to 356 

be a primary driver of subgroup size changes in our study. Therefore, nighttime increases 357 

in subgroup size are best interpreted as the outcome of multiple interacting social and 358 

spatial processes, involving late arrivals and fusions between nearby subgroups. 359 

Changes in spider monkey subgroup size at night is consistent with recent findings 360 

by Spaan et al. [32], who documented vocal and non-vocal activity throughout the night 361 

in the same population of Geoffroy’s spider monkeys. Nocturnal vocal exchanges may 362 

reflect communication among individuals at the sleeping site and those arriving (cf. [31]). 363 

This nighttime communication may facilitate subgroup reorganization, maintain coordi- 364 

nation among dispersed individuals, or mediate late arrivals. The tendency for spider 365 

monkeys to select sleeping sites that are centrally located within their daily travel routes 366 

[31, 49] implies that sleeping sites function as predictable meeting points for individuals 367 

returning from different foraging areas. Consequently, subgroup fusions at these sleeping 368 

sites may help reinforce social relationships by providing opportunities for social interac- 369 

tions, facilitate information exchange about food locations, and offer antipredator benefits 370 

through increased subgroup size at night [31, 50, 51]. 371 

A further factor that may influence nocturnal subgroup reorganization is nighttime 372 

visibility. Variation in lunar illumination, cloud cover, and artificial light could affect how 373 

spider monkeys navigate, coordinate movements, and reunite with conspecifics after 374 

dark. Clear nights with higher moonlight illumination levels and low cloud cover may 375 

facilitate movement within and between sleeping sites and enhance visual detection of 376 

group members, whereas darker nights could constrain movement and increase reliance 377 
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on vocal communication [26, 45, 46]. We could not assess whether nocturnal changes in 378 

subgroup size occurred more frequently in higher illumination conditions, due to lack of 379 

appropriate data. Although information on moon phase can be obtained from online 380 

sources, cloud cover data are not available at a sufficiently fine spatial and temporal res- 381 

olution for our study site and for the exact time windows during which each drone flight 382 

was conducted. Importantly, lunar illumination depends on cloud cover, as high cloud 383 

cover can substantially attenuate moonlight; thus, even during phases of high lunar illu- 384 

mination (e.g., full moon), heavily overcast nights do not result in high visibility within 385 

the forest [54]. In addition, a substantial proportion of nighttime illumination at our study 386 

sites originates from artificial light sources associated with nearby houses, for which we 387 

have no quantitative data. Future studies integrating TIR drone surveys with detailed en- 388 

vironmental data, including lunar and artificial light levels, would help clarify the role of 389 

nighttime visibility in shaping nocturnal social dynamics in spider monkeys. 390 

Our results also have broader implications for understanding species traditionally 391 

classified as strictly diurnal. In such taxa, nocturnal behavior has often been assumed to 392 

consist exclusively of sleep; however, increasing evidence from direct observation [32], 393 

thermal imaging [12] and passive acoustic monitoring studies [55] suggests that low-level 394 

nocturnal activity, including social communication, may be more widespread than previ- 395 

ously recognized. Our results support this view by demonstrating that spider monkeys 396 

exhibit social reorganization during nocturnal hours. From a conservation perspective, 397 

understanding how social organization varies at night is particularly relevant, as sub- 398 

group dynamics and sleeping-site selection can influence vulnerability to anthropogenic 399 

disturbances such as logging, hunting, and habitat fragmentation [56, 57]. Spider monkeys 400 

rely on specific sleeping sites and use them repeatedly [30, 31]. The subgrouping patterns 401 

we documented between sunset and sunrise suggest that these sites play an important 402 

role in social processes during the night. The removal of trees at these sites due anthropo- 403 

genic activities could therefore disrupt these processes by forcing individuals to use un- 404 

familiar or suboptimal sites, potentially decreasing coalescence of subgroups with nega- 405 

tive consequences in terms of increased predation risk and reduced information-exchange 406 

opportunities. Such disruptions may also have broader consequences for the fission-fu- 407 

sion dynamics that characterize the species. In human-modified landscapes, expanding 408 

human activity can alter daytime habitat use and movement patterns, leading diurnal 409 

mammals to increase their use of nighttime periods [58]. In group-living species such spi- 410 

der monkeys, this type of shift in activity timing may alter social reorganization processes 411 

at night. Documenting nocturnal changes in subgroup size thus provides important in- 412 

sights into the role of sleeping sites as structural elements that support social dynamics, 413 

emphasizing the need to conserve them to maintain the social and ecological stability of 414 

spider monkey populations.  415 

The use of TIR drones to document spider monkey subgroup-size changes during 416 

the night emphasizes the methodological advantages of remote-sensing technologies for 417 

primate research [59]. Traditional ground-based observation is effective for documenting 418 

daytime activities, but it is often constrained by limited visibility, canopy density, and the 419 

difficulty of accurately counting individuals that spend the majority of their time in the 420 

forest canopy [60]. At night, these limitations become even more pronounced, making di- 421 

rect observations nearly impossible. TIR drones overcome these limitations by capturing 422 

heat signatures that reveal the presence and number of individuals that are found in the 423 

upper canopy [9, 61], as is the case with spider monkeys in their sleeping trees at night. 424 

When deployed at appropriate height and flight speed, drones yield reliable and mini- 425 

mally invasive records of individual presence and subgroup size [36, 62]. This is particu- 426 

larly valuable for species that are sensitive to human presence and where prolonged ob- 427 

servation at sleeping sites could cause stress or influence group behavior. The use of TIR 428 
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drones therefore opens new avenues to study fission-fusion dynamics at night. In addi- 429 

tion, TIR drones enable repeated monitoring of multiple sleeping sites across a landscape, 430 

providing opportunities to examine spatial and temporal variation in subgrouping pat- 431 

terns at night. Such data can contribute to questions regarding habitat selection, home- 432 

range use, and responses to anthropogenic activities. For conservation management, 433 

knowing how many individuals are present at the sleeping sites provides valuable infor- 434 

mation to estimate population size if drone flights covering a large area (and thereby in- 435 

cluding all potential sleeping sites of one or multiple groups) are performed in a single 436 

night. Repeating such flights over time can aid detecting demographic changes, which is 437 

often challenging for arboreal primates [63].  438 

When interpreting our results, it is important to consider how detection of individual 439 

spider monkeys is influenced by variation in thermal contrast, potential differences in 440 

sensor characteristics between drone models, and the manual processing of thermal vid- 441 

eos. Previous studies have shown that the time of day at which TIR drone flights are con- 442 

ducted can affect individual detection [9], as background thermal conditions and thermal 443 

contrast vary throughout the diel cycle. Differences in thermal contrast have also been 444 

shown to influence the level of agreement among coders when manually processing TIR 445 

drone footage, with higher concordance reported in high-contrast environments and 446 

lower agreement in areas where heat-absorbing background elements may partially mask 447 

animal heat signatures [17]. Differences in the ambient temperature between sunset and 448 

sunrise flights likely resulted in differences in thermal contrast between animals and their 449 

surroundings, possibly facilitating the detection of monkeys at sunrise. However, we con- 450 

sider the likelihood that these differences in thermal contrast represented a critical source 451 

of bias in the spider monkey counts to be low. In fact, we did not systematically detect 452 

more monkeys in footage recorded at sunrise (39% of flight pairs) as we detected the same 453 

number of individuals in six flight pairs (33%) and more individuals at sunset in five flight 454 

pairs (28%). Furthermore, the binomial test on the 12 flight pairs in which we found a 455 

subgroup change did not reveal a significant difference, indicating that detectability was 456 

not consistently higher before sunrise. 457 

Another factor to consider is that data were collected using two drone models with 458 

different sensors and flight designs, which resulted in differences in the sampling area 459 

among sleeping sites. However, these differences did not influence our paired compari- 460 

sons because sunset and sunrise flights at each sleeping site were always conducted using 461 

the same drone model and the same flight pattern, thus sampling the same area in both 462 

flights. Night changes in subgroup size were detected regardless of the drone model, sen- 463 

sor characteristics, or flight type used, suggesting that the results are unlikely to be driven 464 

by methodological differences in detectability. In addition, it is unlikely that the spatial 465 

arrangement of individuals at sleeping sites influenced detectability in TIR imagery. Alt- 466 

hough several individuals may use the same sleeping site, at our study site spider mon- 467 

keys usually sleep in multiple contiguous trees rather than clustering together within a 468 

single large tree, making their thermal signatures easily distinguishable. Therefore, the 469 

risk of underestimating group size due to merged thermal signatures is expected to be 470 

minor. Thus, while thermal contrast, sensor differences, and manual processing should be 471 

considered when interpreting TIR drone data, they are unlikely to have strongly biased 472 

detectability patterns and the main conclusions of our study. 473 

5. Conclusions 474 

Our finding that subgroup size can change between sunset and sunrise indicates that 475 

spider monkey social organization remains dynamic throughout the night. This insight 476 

contributes to a more complete understanding of spider monkey behavioral ecology, em- 477 

phasizing that even species classified as strictly diurnal may engage in nighttime social 478 
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reorganization. Our results indicate that subgroup changes are not restricted to daytime, 479 

but may also occur during the night, potentially facilitating information exchange and 480 

predator avoidance [31, 43, 44, 46, 47]. Ours study uses TIR drones to explore the nocturnal 481 

activity of spider monkeys and lays the groundwork for future, more comprehensive re- 482 

search. Overall, our study highlights the importance of incorporating nighttime behavior 483 

into research on diurnal animals to avoid underestimating the temporal patterns of their 484 

social dynamics and its implications. 485 

The use of TIR drone technology can play a crucial role in monitoring primate behav- 486 

ior, expanding the methodological toolkit available for arboreal mammal research and 487 

allowing researchers to overcome longstanding challenges of nocturnal observation in 488 

dense tropical forests. Beyond improving detectability, this technology also enhances our 489 

ability to document social dynamics across the full 24-hour cycle. By enabling consistent, 490 

minimally invasive, and spatially comprehensive nocturnal data collection, TIR drone 491 

technology contributes to a more complete and accurate characterization of arboreal mam- 492 

mal ecology and behavior, ultimately informing more effective conservation strategies. 493 
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