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Abstract

Infra-red thermography (IRT) has been validated across a range of taxa as a non-invasive method to
quantify physiological changes (variation in skin temperature) that serve as a proxy for emotional arousal
in humans and other animals. While its effectiveness has been demonstrated in captivity, its application
in wild animals under natural conditions remains underexplored. This study validates IRT in wild crested
macaques (Macaca nigra), observed in their natural habitat, to assess its potential for studying short-
term emotions as proximate mechanisms of behavior of wild animals. Seventy-five playback experiments
and predator model presentations were conducted on 14 adult females, exposing them to stimuli
including affiliative grunts, contact calls, aggressive screams, alarm calls, and python models. The
objectives were to: (1) evaluate whether environmental and physical factors, such as atmospheric
conditions and camera-subject distance, impact thermal measurements; (2) determine whether facial
skin temperature variations reliably indicate emotional arousal and valence in response to ecologically
relevant stimuli; and (3) explore correlations between temperature changes and behavioral indicators of
arousal, such as physical activity and self-directed behaviors. Results showed that: (1) environmental and
physical factors did not significantly affect thermal measurements when following our protocol; (2) facial
skin temperature changes reliably reflected the intensity of emotional arousal elicited by different

stimuli; and (3) temperature variation was associated with behavioral indicators of arousal and anxiety.
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These findings establish IRT as a reliable tool for investigating emotion-driven skin temperature changes

in wild primates, providing valuable insights into the role of short-term emotions in shaping behavior.

Key-words: Emotional Arousal, Field Experiments, Infra-Red Thermography, Natural Environment, Self-

Directed Behaviors, Wild Primates.

1. Introduction

Infra-red thermography (IRT) has emerged as a promising, non-invasive and contact-free method for
assessing emotional states in animals. By capturing infrared radiation emitted from an object [1,2], IRT
allows for accurate measurement of temperature changes in peripheral body regions. These
fluctuations in response to affective situations are linked to changes in subcutaneous blood flow
regulated by the sympathetic branch of the autonomic nervous system [3]. Typically, negative
emotions (e.g., fear and anxiety) trigger peripheral vasoconstriction, redirecting blood to vital organs
and leading to a decrease in skin temperature, followed by stress-induced hyperthermia (SIH),
characterized by a rise in core body temperature [4,5]. These changes are detectable using IRT camera,

making it a valuable tool for studying emotional responses of a wide range of mammals and birds [6,7].

Numerous studies have successfully employed IRT to assess emotional responses in various
domesticated and captive animals (horses: Equus caballus [8-10]; sheep: Ovis aries [11]; hens: Gallus
domesticus [12]; cows: Bos taurus [13,14]; see also [15,16] for reviews). The method has proven
effective in evaluating SIH activation across diverse species, including birds (blue tits: Cyanistes
caeruleus [17]; house sparrows: Passer domesticus [18,19]; herring gulls: Larus argentatus [20]; little
auk: Alle alle [21]) and mammals (rats: Rattus norvegicus [22], mice: Mus musculus: [23-25]; seals:
Phoca vitulina [26]), with the magnitude of skin temperature variation often reflecting the intensity of
the stressor (hybrid rabbits: Oryctolagus sp. [27], rhesus macaques: Macaca mulatta [28]; dogs: Canis

familiaris [29]; hens [12], mice [23]). Additionally, temperature changes frequently correlate with other
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physiological markers, such as heart rate or heart rate variability [9,18,29,30,31], reinforcing the

connection between thermal responses and autonomic regulation.

In humans, IRT has been applied to study facial temperature changes in response to different
emotional states including laughing, lying, stress, fear, guilt, sexual pleasure, love and empathy [32—
36], with distinct thermal patterns observed across multiple regions of the face [37], underscoring the
need to use a multi-region approach to differentiate between emotional states. IRT has also been
successfully applied to non-human primates including chimpanzees (Pan troglodytes) [30], rhesus
macaques [38], Western lowland gorillas (Gorilla gorilla gorilla) [39], common marmosets (Callithrix
jacchus) [40,41], and others [42], revealing significant decreases in nasal temperature in response to
stressful stimuli. However, thermal responses to positive stimuli have been less extensively studied,
but some studies found increases in nose temperature during positive emotional states such as during

grooming [31] or the presentation of preferred food [40].

IRT has often been combined with behavioral observations to enhance the reliability and precision of
emotional state assessments such as spatial displacements, movements of the body or body parts, and
piloerection [40,41,43]. Self-directed behaviors (SDBs), such as scratching, self-grooming and yawning,
are commonly used as behavioral proxies for uncertainty and anxiety in animals, especially primates
[44,45]. These SDBs are more frequent in stressful situations, highlighting their role as indicators of
negative emotional states [46-51]. Despite the promise of combining IRT with behavioral observations,
little research has explicitly examined the relationship between surface temperature variation and the

expression of SDBs or physical activities, particularly in wild settings.

While IRT has demonstrated its utility in studying emotions in captive animals, its application in wild
settings remains underexplored (but see [52-54]). The complexities of wild environments, such as

uncontrollable atmospheric conditions, weather, and subject-camera distance, pose challenges for
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accurate thermal measurement [55-60]. Nevertheless, pioneering work investigating emotional
responses in wild chimpanzees (P. troglodytes schweinfurthii) in Uganda, suggest that IRT can be
effectively applied in natural settings when rigorous protocols are followed to mitigate environmental

influences [61].

This study aims to validate IRT as a method for studying short-term emotional responses in wild
mammals and birds, with habituated crested macaques (Macaca nigra) in their natural environment
as a model species. To do so, we performed playback experiments and predator model presentations
on adult females, using four types of vocalizations — affiliative grunts, contact calls, aggressive screams,
and alarm calls — and two model pythons. The first objective is to establish a rigorous protocol of data
collection and evaluate whether environmental and physical factors—such as atmospheric and
environmental conditions, camera-subject distance, and angle of view—affect thermal measurements
obtained with this method. We hypothesize that stringent methodological controls will minimize these
effects, supporting IRT as a reliable tool for examining emotionally induced skin temperature variations
in the wild. The second objective examines whether variation in facial temperature reflect degrees of
emotional arousal and valence (in the framework of affective neuroscience, emotional arousal refers
to the intensity of an emotional response, while emotional valence pertains to its positive or negative
quality [62,63]) in response to different stimuli (affiliative, neutral, aggressive, and predation-related).
We predict positive stimuli (i.e., affiliative grunts) will increase facial temperature, whereas negative
stimuli (i.e., aggressive screams, alarm calls, and predator models) will produce graded decreases in
temperature linked to anxiety or fear levels (see Fig. 1). The last objective explores correlations
between emotionally-mediated facial temperature variation and behavioral indicators of arousal and
anxiety, such as spatial displacement frequency (hereafter named ‘physical activity’) and the
expression of SDBs. We expect that lower facial temperatures will align with increased physical activity

and higher SDB rates, particularly in response to negative stimuli.
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2. Method

2.1. Study site and animals

The data presented in this study were collected on wild adult female crested macaques belonging to
one group between March and December 2021 at the Duasudara Nature Reserve (formerly known as
Tangkoko Nature Reserve), North Sulawesi, Indonesia, in collaboration with the Macaca Nigra Project
(MNP) [65]. The crested macaque is one of seven macaque species endemic to Sulawesi Island, Indonesia
[66]. Its geographic distribution is limited to northern Sulawesi, the island of Manado Tua, and Talise
Island. Additionally, some individuals were introduced to Bacan, Halmahera, and Kasiruta Islands in the
North Maluku province, where they have established self-sustaining populations outside their native

range [67].

The Duasudara Nature Reserve has an area of 8,867 hectares and an elevation from sea level up to 1,350
meters. Annual rainfall ranges from 1,550 to 2,400 mm. Temperatures are relatively constant between
21.7 and 34.4°C. The vegetation comprises lowland tropical rainforest, categorized into primary and
secondary forest, and shrubland. Primary forest features a semi-closed canopy of 40-50-meter-tall
buttressed trees, numerous lianas, and sparse understory. In contrast, secondary forest has an open
canopy with cut-over areas, dense mid-layer, and abundant forest floor vegetation. For further habitat

details of the site, see [68].

Crested macaques are medium-sized, predominantly terrestrial primates, spending most of their diurnal
time traveling, foraging, and feeding on the ground [69]. Females exhibit a tolerant social style and
engage frequently in social interactions on the ground [70], facilitating thermal data collection. Three
groups of wild macaques have been followed daily since 2006 by the MNP. All the adult males and
females are individually recognized and habituated to human presence. Fifteen subjects were randomly
chosen among the 19 adult females present in the group named PB1B (19-25 adult females, 8-11 adult

males, around 70 individuals in total) at the beginning of data collection to take part of the experiments
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(ages estimated between 6 and 16 years old). However, due to the Covid-19 pandemic that caused
substantial delays in data collection, we were not able to conduct all the experiments on the 15 subjects
as initially planned, reducing the sample size to 14. Table S1 provides more details about the subjects
and their involvement in the different field experiments.

This sample size was based on practical constraints inherent to field studies of wild primates, where
ethical considerations and logistical challenges limit subject availability and experimental repetitions,
and at the same time was considered sufficient to provide a meaningful representation of the population
under study [71]. Moreover, previous studies investigating emotional responses in non-human primates
using infrared thermography have drawn reliable conclusions with similar or smaller sample sizes (e.g.,
[30, 40]). To account for individual variability, we used repeated measures for each subject and applied
linear mixed-effects models [72], a statistical approach well-suited to handle within-subject variation
and unbalanced data (see section 2.8 for more details). This method allowed for robust analyses while

respecting ethical obligations toward minimally invasive research in a natural environment.

2.2. Stimuli used to generate different contexts

In their natural habitat, the main predator of crested macaques is the reticulated python (Python
reticulatus). The detection of a python is assumed to generate a highly negative emotional response,
perceived as highly threatening to the survival of the subjects. In this study, two distinct natural-size
python models were randomly used in the experiments. The first model was home-made using python
skin-like fabric that was hand-sewn and filled with cotton stuffing. The second model consisted of a
stuffed toy that had been customized through fabric painting and the addition of pieces of python skin-

like fabric to enhance its resemblance to an authentic python (Fig. S1).

We used the following vocalizations during playback experiments: (1) Contact calls, defined as a “brief
and tonal sound with wide frequency modulation; given when individuals are several to ten meters apart”

([73; p. 205] & Fig. S2a). There are assumed to be neutral and should not modify the emotional state of
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the subjects significantly; (2) Affiliative grunt, defined as “a grunting sound, often emitted in series, and
uttered in affiliative interactions and contacts” ([73; p. 207] & Fig. S2c), often emitted together with
affiliative facial expressions commonly produced to initiate or maintain an affiliative interaction [74].
Grunts are assumed to generate a positive emotional response associated with an affiliation context and
to have a calming effect on the subjects; (3) Screams (Fig. S2d) are noisy and repeated vocalizations
uttered during aggressive interactions and often accompanied by aggressive facial displays that act as
threat or protest in agonistic contexts [73]. Screams are assumed to be aversive, generating a negative
emotional response linked to a context of aggression, but not perceived as particularly threatening by
the subjects; (4) When detecting a predator (particularly pythons but also vipers, raptors, dogs and
humans — personal observations), the macaques produce series of alarm calls. This vocalization is
defined as “a brief sound composed by a tonal unit followed by a harsh unit and sounds like a bark” ([73;
p. 205] & Fig. S2b), and, uttered repeatedly, leads other groupmates to approach and engage in mobbing
behavior ([71]; personal observations). It is assumed to generate a highly negative emotional response
associated with a context of predation risk and to be perceived as highly threatening for the survival by

the subjects.

2.3. Audio recordings and playback preparation

Naturally-occurring contact calls, screams and affiliative grunts were recorded opportunistically on the
19 females with a Marantz PMD660 audio recorder (16 bits, PCM, frequency response: 20—20 000 Hz+3.0
dB, sampling rate: 44.1 kHz) and a Sennheiser K6-ME66 directional microphone (Wedemark, Germany,
frequency response: 40-20 000 Hz+2.5 dB). The recordings were made at a distance of 3-5 m from the
target animal when the background noise was low. For each recording, the ID of the caller, date, time,
and general context were recorded. Alarm calls were captured during model python experiments (see

below).



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

Author Accepted Manuscript

Preparation of the calls was performed with Audacity® 2.3.2 (Audacity Team, 1999-2018). The stimuli
used for the playback were prepared by extracting a series of contact calls, affiliative grunts, screams or
alarm calls from the best recordings of each caller. In some cases, the vocalizations of the same individual
were used several times on different subjects and different stimuli from different recordings were
created to avoid pseudoreplication. To maintain consistency between the stimuli, we selected only call
series with a high signal-to-noise ratio. Background noise at the onset and offset of the recordings were
faded to avoid sudden amplitude increase and decrease during the experimental trials. We standardized
the duration of playback stimuli to ensure comparability across vocalization types while preserving the
natural structure of call sequences. Rather than artificially truncating bouts, we retained complete call
sequences to avoid producing unnatural stimuli that might be perceived differently by the subjects. On
average, playbacks of grunts lasted 9.5 + 5 s and contained 21 calls, screams lasted 8 + 5 s with 20 calls,
alarm calls lasted 13 + 2 s with 17 calls, and contact calls lasted 5 + 3 s, strictly including three calls. These
parameters ensured that playback stimuli were salient for the subjects while minimizing uncontrolled

variability.

Once edited, the calls were stored as ‘.waVv’ files in a smartphone. All the calls were played back at a
similar amplitude through a BOSE speaker amplified by a Lepy LP-2024A+ digital amplifier powered with
a X-MOOVE portable power bank able to generate a power supply of 220V/50Hz. The playbacks were
run remotely with a remote connected to the smartphone by Bluetooth. The appropriate amplitude of
the calls was judged in the forest beforehand without macaques present, by an experienced human

listener situated 10 m away from the speaker to match naturally-occurring vocalizations.

2.4. Experimental protocols

2.4.1. Playback of contact calls and python model presentation:

Playback trials were conducted between 8 am and 4 pm to avoid disrupting the sleep patterns of the

macaques [75]. Three experimenters worked in parallel: Experimenter 1 ensured experimental
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conditions were met, recorded the subject's thermal reactions with a FLIR T560 infrared thermographic
video camera (temperature sensitivity: 0.04 °C; resolution: 640x480 pixels; sampling rate: 30 fps) and
documented behavioral responses via vocal comments and a GoPro (Hero7 White) affixed to the
shoulder. Vocalizations, particularly alarm calls, were captured using a Marantz PMD660 audio recorder
carried by Experimenter 1. Experimenter 2 managed the playback equipment, while Experimenter 3

handled the python model.

Step 1 - Recording Baseline and Setting Up (Pre-Phase): When a subject was isolated from the rest of
the group, out of sight and at least 20 m away from any groupmate, and environmental conditions
permitted thermal measurements (no direct sunlight, dense vegetation, wind, or rain — see below),
Experimenter 1 recorded the baseline temperature for at least 30 seconds before the exposure to the
stimulus. Meanwhile, Experimenters 2 and 3 discreetly positioned themselves behind big trees, at
approximately 10 m from the subject (mean =11 m, min =8 m, max = 16 m) and a few meters from one

another. Experimenter 2 ensured playback volume and speaker orientation were correct [76].

Step 2 - playback of contact calls (priming phase): If all the conditions were still met after the recording
of the baseline, Experimenter 1 played the contact calls through the remotely connected speaker.
Experimenter 1 recorded the thermal and behavioral reaction of the subject. This step was initially made
to simulate the presence of a specific audience in proximity of the python model for the purpose of
other research questions (manuscript in prep) but the emotional and the behavioral responses of

subjects to contact calls was analyzed in detail in this study.

Step 3 - presentation of the python model (post-phase and recovery): A few seconds after the playback
began, Experimenter 3, still out of sight of the subject, presented the model by slowly moving the python
head to be visible above a root of the tree and manually making small movements to catch the attention

of the subject. The subjects detected the python model within 1 s to 1 min post-playback (average: 22
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s). Detection was indicated by a notable shift in the subject's behavior, including heightened body
tension and focused gaze in the direction of the python location. The model was concealed promptly
after the first alarm call to standardize exposure among the different subjects, therefore minimizing the
variation in the production of the alarm calls potentially caused by a longer exposure. Once out of sight
behind the root, the python model was quickly hidden in the backpack of Experimenter 3 and
Experimenters 2 and 3 discreetly left the area to not be seen by the subject or other individuals
approaching to inspect the site. Experimenter 1 recorded the reaction of the subject during at least one

minute (post-phase) and up to 3 minutes (recovery) after the subject had detected the python.

A total of 14 successful model presentations were conducted on nine subjects between July 13 and
December 9, 2021. On average, 11.5 days separated two trials made on different subjects (min: 1, max:
34). Once, we conducted two experiments the same day on two different subjects but 1 h 14 min
separated the two trials and the group had travelled 130 m away from the location of the previous
presentation. This situation naturally occurred with real pythons during the period of data collection
and, thus should not have disturbed the subjects more than might naturally occur on rare occasions. On
average, 47 days separated two trials made on the same subject (min: 7, max: 104). All females reacted
to the python model by uttering a series of alarm calls and inspecting or monitoring the python area. In
most cases (except for two trials made on the same subject), at least one group-mate approached and
monitored the area, but none of them produced any alarm calls, presumably because the model python

was by then out of sight.

2.4.2. Playback of grunts, screams and alarm calls

The playbacks of grunts, screams and alarm calls were carried out following the same experimental
protocol as for the playbacks of contact calls (refer to steps 1 and 2 of the previous section). The grunts
and the screams were played back at a distance of 10 + 5 m (grunts: mean = 8 m, min =5 m, max = 15

m; screams: mean = 11 m, min =5 m, max = 15 m) and the alarm calls at a distance of 15+ 5 m (mean =

10
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16 m, min =10 m, max = 20 m). To facilitate the video-coding of the subjects looking direction and to be
sure that they reacted to the playback and not to events occurring in the group, the stimulus was played
from a direction roughly perpendicular to the group’s direction and from an angle of at least 35° to the

subject’s body orientation (as previously performed by Micheletta et al. [71]; see Fig. S3).

The playback trials of grunts and screams were conducted from March 22 to November 12, 2021 on 12
subjects, resulting in 23 and 24 successful experiments respectively (Table 1S). Despite the frequent
occurrence of these vocalizations in crested macaques, we limited experiments to one per day per
subject, with one to two experiments conducted daily for the same vocalization type. On average 41
days (min: 16, max: 91) separated two trials made on the same subject for grunts and 54 days (min: 13,

max: 160) for screams.

Alarm call playback trials occurred between October 15 and December 9, 2021, with 13 successful trials
on eight subjects (Table 1S). A maximum of two trials were conducted per day on different subjects,
ensuring a minimum travelling distance of 150 m and a 1-hour gap between experiments (as previously
performed by Micheletta et al. [71]). On average, 26 days (min: 12, max: 47) separated trials on the same

subject.

To control for habituation effects, we randomized the order of stimulus presentations across trials.
However, because alarm call recordings were made during these model presentations, playbacks were
conducted more often later in the data collection period. Despite this, experimental trials remained

balanced across subjects, and no evidence suggested that responses diminished over time.

2.5. Thermal measurements and extraction
In many IRT studies on primates, only the nasal region is examined, although other regions of interest

(ROIs) can provide valuable insights [38,61,77]. Research has shown differential temperature responses

11
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across ROIs to the same stimulus [37,38,61]. Thus, to capture nuanced emotional changes, we extracted
temperatures from three ROls: nose tip, nose bridge, and upper lip (Fig. 2). Dividing the nasal region
helps reduce bias from respiration, especially during emotionally charged situations. The upper lip,
unaffected by breathing and highly vascularized [78], is expected to offer a more reliable measure of

arousal, particularly in fearful contexts [37,42].

We extracted thermal data using a customized MATLAB® (2018b) script developed by Ermatinger et al.
[40]. Thermal data extraction was performed by a single observer who was not blind to the experimental
condition. To minimize bias, we applied a standardized frame selection protocol, ensuring consistency

across all trials.

We manually positioned an ellipse over the ROIs on the three best frames (see below) for each one-
second interval and automatically exported the temperature data to a spreadsheet for further analysis.
The mean temperature of the three frames was calculated for each one-second interval to reduce
measurement bias. We extracted the minimum temperature for nasal ROIs and the maximum
temperature for the upper lip to obtain more accurate measurements, as the pixels surrounding these

ROIs are often hotter and colder respectively.

Appropriate frames were selected based on the following criteria: (1) The subject’s face was in the focus
of the camera; (2) The subject’s head was oriented straight towards the camera (maximum tilt angle of
approximately 50°); The ROIs were (3) not covered by vegetation or (4) not blurred due to subject or
camera movements (i.e., we did not select frames in which the subject was walking, running or climbing).
When more than three frames meet all the criteria for a given one-second interval, the first three frames
were selected. A respective interval was omitted if it did not contain useful frames. Over the 75 trials,

we extracted a total of 19,735 thermal data points (nose tip: 6,613; nose bridge: 6,634; upper lip: 6,488).

12
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Since our focus was on temperature changes relative to baseline rather than absolute values, we
calculated a centered temperature measure for each ROI. For each trial, we subtracted the mean
baseline temperature (30 seconds before stimulus onset) from all one-second interval measurements.
This approach mitigates inter-individual differences, minimizes potential environmental bias, and
captures both the direction (increase or decrease) and amplitude of facial temperature changes from
the baseline, providing insights into the valence and intensity of emotional arousal.

2.6. Protocol to minimize the effects of environmental and physical factors on thermal measurements
The emissivity (i.e., the effectiveness of a material in emitting energy as thermal radiation) was
constantly set on 0.98, the emissivity value detected for human skin [79] and used in previous thermal

imaging studies on primates, including black-skinned primates (e.g., [42,61]).

We did not record thermal data during rainy and windy episodes, or when subjects were directly
exposed to sunlight to avoid any measurement bias that these factors may cause [57] (Fig. 3). Subjects
were strictly observed under dense canopy cover, shielding them from direct solar radiation. Following
rainfall, data collection resumed only after an hour to allow vegetation and monkeys to dry and for
atmospheric humidity to return to normal levels. We noted if measurements were taken while
vegetation was dry or wet (but not dripping) and recorded weather conditions (sunny or cloudy) to
control for their potential impact on environmental radiation that could affect thermal readings.
Additionally, we categorized the environment based on vegetation characteristics (i.e., sea front, open

forest, dense forest) for later analysis.

The atmospheric temperature and relative humidity were logged in the IRT camera before each
experiment, and recorded throughout the trials using a separate automatic logger (OMEGA OM-HL-SP-
TH), with measurements taken every 3 s. Although we did not expect important fluctuations of these
parameters due to the brevity of the trials (under 5 min), this interval allowed us to monitor any major

fluctuations. The visual inspection of these data revealed no unexpected variation in atmospheric

13
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temperature or humidity within individual trials. This stability allowed us to proceed without excluding
any trials based on these factors. The average air temperature during trials was 28.3°C (ranging from
23.6°C to 31.8°C), and the relative humidity averaged 86.8% (ranging from 69.6% to 99.3%).

We did not record thermal data on subjects located arboreally more than 3 m above the ground due to
the obtuse angle of view, especially when the monkeys looked upward. During data extraction, we also
discarded frames where the monkey was looking considerably up or down, even if the ROIs were visible,
to control for vertical axis distortion. Additionally, the posture of the monkey (sitting, standing still, or
moving) was noted to control for small movements and the natural angle differences between sitting

(head slightly upward) and standing postures (head straighter) as illustrated in Fig. S4.

During trials, Experimenter 1 maintained a consistent distance between the thermal sensor and the
subject to minimize measurement bias, estimating distance by eye after a week of self-training with a
laser device. For each one-second interval, a finer distance assessment was estimated using an indirect
method. In addition to experimental trials, 165 IRT images of adult females were taken at various
distances and angles, with precise laser measurements of the distance. The pictures were taken when
the target was looking in the opposite direction and the laser was pointed on the shoulder of the monkey
to avoid any risk of glare from the laser. The images were processed using FLIR® software ResearchIR
MAX (4.44.11.35), where an ellipse was drawn around the monkey’s body (excluding the head and the
limbs) to obtain the number of pixels. This data was used to create a reference curve correlating pixel
count to distance, allowing more accurate distance estimations during video data extraction using the

same method.

Finally, to ensure that distance did not affect the thermal measurements, while accounting for
environmental factors, we conducted a control experiment after each trial. We took IRT images of a flat
target wrapped in black insulation tape of known emissivity (€ = 1), positioned at about 35 cm above the

ground (the average height of a female macaque) and at distances of 1 m, 2 m, and 3 m of the camera,
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measured with a laser device (Fig. S5). The central pixel temperature was extracted, and we statistically
tested whether distance impacted the temperature readings (see below). Table S2 provides a summary
of the environmental and physical factors (and clear definitions where applicable) considered in this

study to control for their potential effects on the thermal measurements.

2.7. Behavioral expressions of arousal and anxiety levels: extraction and coding

Behavioral data were extracted from the GoPro videos using BORIS® v7.12.2 allowing frame-by-frame
analysis. Prior to and throughout each experimental trial (at least 30 seconds before stimulus onset and
one minute after), we recorded the occurrence of SDBs, i.e., scratching, self-grooming, yawning and body
shaking (as defined in Table S3), and the subjects’ physical activity. Although these SDBs have been
established as indicators of anxiety [44-51], some studies suggest that specific SDBs may be stronger
indicators of arousal (e.g., scratching has been more consistently linked to heightened emotional states
in primates [45]). However, we did not differentiate their relative importance in our statistical analyses
due to the limited sample size, especially in regards to the rarer behaviors such as yawning and body
shaking in the field. Physical activity was measured by counting transitions between postures or spatial
displacements, such as sitting, standing, walking, running, and climbing up and down a tree (e.g., the
seqguence 'walking-standing-sitting-walking' counts as three transitions). SDBs and physical activity rates
per minute were calculated separately for the pre- and post-phases, with rate changes determined by

subtracting pre-phase from post-phase rates for each trial.

2.8. Statistical analysis

All statistical analyses were conducted in R 4.3.1 [80], and significance was set at a = 0.05. We used
Linear Mixed-effects Models (LMM,; function ‘Imer’ of the ‘Ime4’ package) [72] to evaluate the effects of
multiple covariates on facial temperature variation and behavioral responses, and Cumulative Link
Mixed Models for ordinal variables (CLMM; function ‘c/mm’ of the ‘ordinal’ package) [81] when

appropriate. Focal ID was entered as a random effect in all models to account for repeated measures on
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the same individuals. Model assumptions were assessed by visually inspecting residual plots for
normality and homogeneity. No violations of these assumptions were detected. Statistics of the models
were given by the function ‘summary’ and ‘anova’ and significance of the LMMs were obtained with the
function ‘Anova’ of the ‘car’ package [82]. We computed post-hoc pairwise contrasts when necessary,
using the ‘emmeans’ package [83], adjusted with the Tukey method for multiple comparisons [84]. In
this study, model selection was not performed as we aimed to assess the combined effects of all
covariates rather than isolate individual predictors. Given the limited sample size, we did not include
first-order interactions between covariate fixed effects to avoid overfitting and ensure robust parameter
estimates. The same post hoc procedures as in previous studies were applied to maintain consistency

and comparability with existing literature (e.g., [54]).

We first investigated whether the environmental and physical factors had an impact on the thermal
measurements obtained following our protocol. To this end, we analyzed one-second interval thermal
data recorded during the pre-phase. Outliers (data points outside 2 standard deviations) were removed
using the ‘boxplot.stats’ R function to avoid bias. For each ROIl, we built a LMM with thermal
measurements centered around the mean trial temperature (baseline) as the dependent variable. Fixed
covariates included atmospheric temperature, relative humidity, camera-to-subject distance, subject

posture, weather, vegetation type, and vegetation dryness.

The distance between the thermal sensor of the camera and the subject has been shown to have
significant effects on the thermal measurements in previous studies (e.g., [60]). We thus made a control
(as described above; Fig. S5), by measuring the temperature of a black target placed at exactly 1 m, 2 m
and 3 m from the camera just after each experimental trial to have the same environmental factors as
during the trials. To determine if the distance impacted the IRT measurements, we performed a

‘between-subject factor’ ANOVA (for paired data) using the ‘aov’ R function fitted with the temperature
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of the black target as dependent variable, the distance as explicative variable, and the sample/distance

as the ‘error’ component of the function.

To investigate factors linked to changes in facial skin temperature in response to different stimuli, we
built a series of LMMs. The one-second interval temperature changes from the three ROls were included
as dependent variables in separate analyses. Fixed effects included the experimental condition (i.e., the
five stimuli), changes in physical activity and SDB rates between the pre- and post-phases, while time
and trial number were added as covariates to account for repeated and time-series measurements. The
subjects’ reproductive status and rank were included to account for potential influences on emotional
responses, though these results will be discussed elsewhere ( manuscript in prep.). To further
corroborate the findings of this analysis with an even more conservative approach, and to assess the
robustness of our results, we performed similar statistical analysis on a reduced dataset in which the
one-second interval temperature changes were reduced to the mean temperature change recorded

during 1 min post-stimulus.

To determine whether the variation of the facial skin temperature was a good predictor of the strength
of emotional arousal elicited by different stimuli, we conducted a series of CLMMs. The stimuli conditions
were ordered by assumed emotional arousal intensity, from lowest to highest (see Fig. 1). The one-
second interval temperature change of (a) the nose tip, (b) the nose bridge, or (c) the upper lip was
included as the dependent variables, while the condition was set as the fixed effect. Time and trial
number were added as covariate fixed effects to account for repeated and time-series measurements.

Finally, to help in the interpretation of the results regarding the link between facial skin temperature
variation and behavioral indicators of arousal and anxiety levels, we investigated whether the
experimental condition influenced changes in activity and SDB rates. Two LMMs were fitted with (a) the
change in activity rate, and (b) the change of SDB rate between the pre- and post-phase as the

dependent variables, with ‘condition’ as a fixed effect.
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2.9. Ethical statement

Ethical approval was provided by the School of Anthropology and Conservation of the University of Kent.
Permission to conduct the research was granted by the Indonesian Ministry of Research and Technology
(permit numbers: 463/E5/E5.4/SIP/2019 and 58/E5/E5.4/SIP.EXT/2020), the Indonesian Ministry of
Environment and Forestry (Permit number: 03/BKSDA.Sulut/TU/SIMAKSI/1/2020) and the Macaca Nigra
Project. The study animals were habituated to researchers, and all data were collected using non-
invasive, contact free methods only. To minimize disturbance, predator model presentations and alarm
call playbacks were conducted at a frequency comparable to natural encounters with real pythons.
Moreover, predator model presentations lasted only a few seconds, with the model being removed
immediately after the first alarm call was uttered, minimizing the exposure duration. The methodology
aligns with previous research using brief exposure to alarm calls or predator stimuli in a way that is
expected to cause the sorts of short-term stress responses that the subjects regularly experience under

natural conditions, but not long-term behavioral disturbances [71, 85].

3. Results

3.1. Thermal measurements and environmental/physical factors

The first aim of this study was to determine the potential effects of environmental and physical factors
on the thermal measurements, despite the strict protocol that we followed during data collection and
extraction to avoid measurement biases. The results of the LMM analysis showed that none of the
environmental or physical factors had a significant effect on the thermal measurements made on the

macaques before the stimuli exposure (Table 1).
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462 Table 1. Results of the LMMs including the environmental and physical factors and performed on the temperature

463 deviation from the baseline recorded during the pre-phase of the three ROIs.

Nose tip (n = 594)

Random effect: Subject ID (N =14) Min Max Mean SD
-0.345 0.332 -0.004 0.131

Fixed effect Sum? Mean 2 F X?(df) P
Posture (3 levels) 0.013 0.006 0.38 0.80(2) 0.66
Distance (m) 0.012 0.012 0.74 1.39 (1) 0.23
Air temperature (°C) 0.009 0.009 0.56 0.41(1) 0.51
Relative humidity (%) 0.00005 0.00005 0.003 0.04 (1) 0.82
Weather (2 levels) 0.003 0.003 0.21 0.01(1) 0.91
Environment (3 levels) 0.045 0.022 1.33 2.42 (2) 0.29
Vegetation dryness (2 levels) 0.0003 0.0003 0.01 0.01 (1) 0.89

Nose bridge (n = 623)

Random effect: Subject ID (N =14) Min Max Mean SD
-0.288 0.289 0.0007 0.110

Fixed effect Sum? Mean 2 F X?(df) P
Posture (3 levels) 0.012 0.006 0.50 1.04 (2) 0.59
Distance (m) 0.021 0.021 1.75 1.68 (1) 0.19
Air temperature (°C) 0.002 0.002 0.19 0.10(1) 0.74
Relative humidity (%) 0.00004 0.00004 0.003 0.001 (1) 0.96
Weather (2 levels) 0.001 0.001 0.10 0.08 (1) 0.77
Environment (3 levels) 0.0001 0.00006 0.005 0.01(2) 0.99
Vegetation dryness (2 levels) 0.0004 0.0004 0.03 0.03 (1) 0.84

Upper lip (n = 614)

Random effect: Subject ID (N =14) Min Max Mean SD
-0.249 0.247 0.0014 0.090
Fixed effect Sum? Mean 2 F X?(df) P
Posture (3 levels) 0.005 0.002 0.32 0.29 (2) 0.86
Distance (m) 0.001 0.001 0.19 0.03 (1) 0.85
Air temperature (°C) 0.003 0.003 0.46 0.45 (1) 0.50
Relative humidity (%) 0.0003 0.0003 0.04 0.08 (1) 0.76
Weather (2 levels) 0.004 0.004 0.53 0.33(1) 0.56
Environment (3 levels) 0.004 0.002 0.26 0.51(2) 0.77
Vegetation dryness (2 levels) 0.0004 0.0004 0.05 0.05 (1) 0.81
464
465

466 In contrast to previous studies (e.g. [60,54]), the distance and the air temperature were not significantly
467  associated with the temperature variation of the three ROIs in the absence of any stimuli (Distance -

468 Nose tip: t = 1.18, P = 0.238; Nose bridge: t = 1.29, P = 0.194; Upper lip: t = -0.18, P = 0.851; Air
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Temperature — Nose tip: t = -0.64, P = 0.518; Nose bridge: t =-0.33, P = 0.741; Upper lip: t =-0.67, P =

0.502).

Similarly, the analyses performed on the temperature of the black target at different distances showed
that the temperature measurements were not impacted by the distance (ANOVA: Ntemp = 221, Nsample =

74, F(1) = 1.15, P = 0.319).

3.2. Factors affecting facial skin temperature variation

LMM analysis performed on the temperature changes of the three facial ROIs recorded every second
post-stimuli indicated that the condition, the changes of activity rate, and, to a lesser extent, the
expression of SDBs were significantly associated with facial skin temperature variation (Table 2). To
validate these findings, we performed a more conservative analysis using the mean temperature change
over the one-minute post-stimulus period. This analysis confirmed the significant association with the
condition across all ROIs, but the associations with behavioural expressions of emotional arousal
(activity rates) and anxiety (SDB rates) became non-significant (Table 2). Further analysis is presented in

the following sections.
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Table 2. Results of LMM analysis performed on the temperature changes (TC) of the three ROls (nose tip, nose
bridge and upper lip) post-stimuli. ‘FULL TC' = analysis performed on the one-second interval measurements

recorded post-stimuli; ‘MEAN TC' = analysis performed on the mean temperature changes recorded post-stimuli.

Bold values indicate P < 0.05.

Random effect: Subject ID (N = 14) Nose tip

Full TC (n = 1198) Mean TC (n=81)
Fixed effect X?(df) P X?(df) P
f(5) Condition 134.55 (4) < 0.001 18.00 (4) 0.001
¢ (rate/min) SDBs change 2.026 (1) 0.154 0.003 (1) 0.954
¢ (rate/min) Activity change 35.857 (1) <0.001 0.41 (1) 0.521
Random effect: Subject ID (N = 14) Nose bridge

Full TC (n = 1193) Mean TC (n=81)
Fixed effect X?(df) P X?(df) P
£(5) Condition 63.22 (4) < 0.001 11.50 (4) 0.021
¢ (rate/min) SDBs change 11.75 (1) <0.001 0.53 (1) 0.464
¢ (rate/min) Activity change 61.81 (1) <0.001 1.33(1) 0.247
Random effect: Subject ID (N = 14) Upper lip

Full TC(n=1182) Mean TC (n = 81)
Fixed effect X?(df) P X?(df) P
f(5) Condition 93.65 (4) <0.001 18.45 (4) 0.001
¢ (rate/min) SDBs change 0.25(1) 0.616 1.02 (1) 0.310
¢ (rate/min) Activity change 51.30 (1) <0.001 1.08 (1) 0.298

3.2.1. Facial skin temperature as a marker of emotional arousal

The second aim of this study was to determine if the facial skin temperature variation was a good
indicator of the strength of emotional arousal. The LMM analysis above showed that the condition had
a significant effect on the temperature change (TC) of the three ROIs (LMM ‘Full TC' - Nose tip: F=77.60,

P <0.001; Nose bridge: F=58.73, P=<0.001; Upper lip: F=73.34, P <0.001; Table 2 and Fig. 4).

To corroborate this finding, we conducted a series of CLMMs with the stimuli ordered following their
assumed emotional arousal intensity (see Fig. 1). This analysis showed that the temperature changes of

three ROIs were good indicators of the strength of context arousal. The greater the strength of arousal,
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the greater the temperature decrease for the three ROIs (CLMM; Nose tip: n = 1198, Z = -12.77, P <

0.001; Nose bridge: n = 1193, Z=-10.67, P < 0.001; Upper lip: n = 1182, Z = -11.84, P < 0.001; Fig. 4).

3.2.2. Facial skin temperature variation and behavioral expressions of arousal and anxiety

The third aim of this study was to determine whether the variation of facial temperature was linked to
the change of activity and SDB rates in response to different stimuli as a behavioral indicator of arousal
and anxiety. The LMM analysis above showed that the temperature change of the three ROIs was
negatively associated with the change of activity rate in response to the different stimuli (Table 2 — ‘Full
TC'). Greater negative changes of the facial temperature were associated with a greater increase of
activity rate (LMM ‘Full TC' — Nose tip: t =-5.98, P < 0.001; Nose bridge: t =-7.86, P =< 0.001; Upper lip:

t=-7.16, P < 0.001; Fig. 5).

This analysis also showed that only the temperature change of the nose bridge was negatively associated
with the change of SDB rate in response to the different stimuli (Table 2 — ‘Full TC'). Greater negative
changes of the nose bridge temperature were associated with a greater increase of the SDB rate (LMM

‘Full TC' — Nose bridge: t =-3.42, P < 0.001; Fig. 6).

To better interpret the results, we investigated whether the experimental condition influenced changes
in activity and SDB rates. The LMM analysis revealed that activity rate one minute post-stimulus was
significantly affected by the condition (LMM: nobs = 81, Neubject = 14, X4(4) = 26.77, P < 0.001). Pairwise
comparisons indicated that predator detection significantly increased activity rate compared to all other
stimuli, except when hearing alarm calls (Fig. 7a.). However, the condition did not explain the variation
of the change of SDB rates between the pre- and the post-phase (LMM: nops = 81, Nsupject = 14, X*(4) =

5.873, P = 0.2; Fig. 7b).

4, Discussion
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The results of this study demonstrate that (1) thermal measurements are not biased by environmental
or physical factors; (2) facial skin temperature variation reliably indicates the strength of emotional
arousal; and (3) temperature in at least one of the three ROIs correlates with behavioral indicators of

arousal and anxiety, such as physical activity and SDBs.

4.1. Thermal measurements and environmental/physical factors

The results first demonstrate that none of the environmental or physical factors examined here (see
Table 1) significantly affected thermal measurements. Particularly, the subject-to-camera distance did
not affect the measurements made on the macaque faces, which was corroborated by our results on
the black target. Overall, our results indicate that the precautions taken in both fieldwork and thermal
data extraction effectively minimized any potential biases, ensuring accurate measurements of facial
temperature. These findings demonstrate that IRT is a reliable tool for studying surface skin temperature
variation in wild, habituated, medium-sized, terrestrial animals, even in complex environments like
tropical rainforests. While applicable to other mammals and birds, careful planning is essential. In this
study, thermal data were collected when the macaques were on the ground and under dense canopy
cover, minimizing distortions from sunlight and viewing angles [57,59]. Additionally, the primates
studied here are medium-sized and habituated, ensuring optimal subject-to-camera distance and
unobstructed views of ROIs [60] without behavioral disturbances. This approach may thus pose
challenges for small, arboreal, or unhabituated species, especially in open environments, requiring

tailored solutions.

4.2. Variation in facial skin temperature as a reliable marker of emotional arousal

Second, we found good evidence that variation in facial temperature is a reliable indicator of the
strength of emotional arousal in crested macaques. Indeed, when exposed to different stimuli eliciting
different levels of arousal (from a calming effect to a very stressful effect), the facial temperature of the

macaques decreased significantly when arousal increased. The two independent analyses made on the
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one-second interval measurements and the mean temperature both yielded statistically significant
results, strengthening the robustness and the accuracy of this finding. Thus, this physiological marker of
emotional arousal provides a reliable tool with which to investigate the role of emotions in the daily life
of wild primates when they cope with different social and environmental stimuli in their natural habitat.
In this study, we focused on the overall temperature variation of key facial ROIs to assess emotional
arousal in response to social vocalizations and predator encounters. While a finer-grained analysis of
temperature fluctuations across different ROIs and stimuli could provide additional insights into the
dynamics of emotional arousal and their effects on responsiveness and call production, such analyses

are beyond the scope of this study and will be explored in future work (manuscript in prep.).

The results were less clear regarding the valence of the stimuli. We did not observe distinct patterns of
facial temperature variation in response to affiliative grunts, which are expected to have a calming,
positive effect [74, 86]. Contrary to our expectations, temperature increases compared to baseline were
not significant, and changes in the nose tip and upper lip temperatures were not statistically different
from those observed in response to neutral contact calls. This might have been due to inter-individual
variation in subject perception of the stimuli, with some interpreted grunts as affiliative, and so calming,
while others found them stressful. A more detailed analysis, considering factors such as the caller’s
identity, dominance rank, and the strength of the relationship between the subject and caller, is needed.
Additionally, the absence of significant thermal responses to positive stimuli might be attributed to the
specific nature of the affiliative grunts used in this study. While these vocalizations, coupled with
affiliative facial expressions, are common signals promoting socio-positive interactions in crested
macaques [74], their acoustic properties may not be inherently arousing enough to elicit measurable
changes in peripheral temperature. Prior research indicates that tactile affiliative interactions, such as
grooming, tend to evoke stronger physiological responses, including increased nasal skin temperature
[31], likely due to their direct and rewarding nature. To address this limitation, future studies should

explore the emotional impact of a broader array of positively valanced stimuli, including play calls or
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social cues linked to resource acquisition, such as the discovery of valuable food [40, 41, 87]. These more
intense stimuli may provide a more comprehensive understanding of the role of positive emotional
arousal in primate communication and behavior. Expanding the range of stimuli will help clarify whether
the lack of response observed here is methodological or reflective of the underlying emotional

processes.

4.3. Facial skin temperature variation and behavioral expressions of arousal and anxiety

This study shows that facial temperature variation is linked to changes in activity rate, with greater
decreases in temperature corresponding to higher increases in activity. While it could be argued that
increased physical activity, through enhanced breathing and air intake, might cool the facial skin,
previous studies (e.g., [40]) suggest activity alone cannot fully explain temperature variation during
emotional arousal. Furthermore, the upper lip, unaffected by breathing, exhibited similar temperature
patterns as nasal regions, supporting the idea that these temperature changes reflect emotional

responses rather than just physical activity.

Moreover, the change in activity rate was influenced by the type of stimuli, particularly by the level of
emotional arousal they elicited. Stimuli associated with higher emotional arousal, such as alarm calls
and predator detection, triggered a greater increase in activity rate, while contact calls had a calming
effect, though differences with grunts and screams were not statistically significant. These findings
suggest that changes in activity rate are a reliable indicator of emotional arousal. The combined analysis
of facial skin temperature and activity rate provides complementary measures of emotional arousal,
reinforcing the conclusion that facial temperature variation is a reliable indicator of emotional

excitement in crested macaques, and likely in other mammal and bird species.

Regarding SDBs, which are considered reliable indicators of uncertainty and anxiety in animals (e.g.,

[45]), our results revealed that greater negative changes in nose bridge temperature were linked to
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increased SDB rates, suggesting that nose bridge temperature might indicate anxiety levels. However,
this finding should be interpreted cautiously, as the same pattern was not observed in other ROls.
Additionally, SDB rate changes were not influenced by the nature of the stimuli, indicating that
emotional arousal and anxiety-related SDBs may be independent phenomena depending on context.
The high inter-individual variability, particularly for affiliative grunts and screams, suggests these stimuli
might be perceived differently across subjects, highlighting potential ambiguity in their emotional
significance. Future research should explore these ambiguities by studying naturally occurring
interactions and incorporating more social variables. It is also possible that additional factors, such as
locomotion and social context, impact the relationship between temperature changes and SDBs. While
our study carefully controlled for sudden spatial displacements by excluding frames recorded during
significant movement (i.e., when the subject was walking, running or climbing), more subtle changes in
posture or facial movement may still influence facial skin temperature measurements. Additionally, the
social context of the trials, including the proximity of other groupmates, may contribute to variation in
SDB expression despite the fact that all trials were conducted when subjects were isolated. Future
research would benefit from the inclusion of control groups and a broader set of behavioral and
physiological stress indicators to disentangle the interplay between physiological responses and social

or physical factors.

4.4. Individual variability and future directions

Our study focuses on the general emotional responses of wild crested macaques to social signals and
predator presence, but it is highly plausible that individual differences may influence these responses.
Primate behavior and physiology are often shaped by social rank, relationship strength, personality, and
previous experiences [41, 71, 88]. These factors may lead to variation in thermal and behavioral
responses to social stimuli and the presence of predator. While the primary aim of the current paper
was to establish the viability of IRT in a naturalistic setting, a detailed exploration of how social

attributes, such as dominance rank and grooming preferences, modulate emotional and behavioral
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responses is important part of the broader research using IRT to understand macaque behavior [89].
Future research should continue exploring how temperament, past experiences, and hierarchical
positions interact with social signaling contexts to shape emotional responses, providing a more

nuanced understanding of emotional processes in wild primates.

4.5. Conclusion

To summarize, the results presented here validate the use of infrared thermography to study surface
skin temperature variation in wild crested macaques in their natural habitat, despite harsh and mostly
uncontrollable conditions. In this regard, we have provided measures to minimize the risk of causing
biases in the thermal measurements that can be useful for researchers eager to add an emotional
component to their research on naturally occurring interactions in wild animals. This study also
demonstrates that the variation of the facial skin temperature in response to different stimuli is a
reliable indicator of the strength of emotional arousal and could also inform us about the anxiety level
experienced by the monkeys. Overall, this validation confirms the robustness of the protocol and
supports its broader application in studying emotional responses and their behavioral significance in
wild animals. Not only is this method valuable for understanding the emotional states of wild non-
human primates, but it also holds potential for terrestrial mammals and even birds, whose physiological
responses to stimuli could similarly be monitored through IRT. The versatility and non-invasive nature
of this approach make it an invaluable tool for ethological research in diverse species and environments.
Beyond its relevance to fundamental research on primate behavior, our study highlights the potential
of IRT as a non-invasive tool for conservation and welfare monitoring. IRT could provide insights into the
emotional states of individuals undergoing rehabilitation, aiding in assessments of their readiness for
reintroduction into the wild. Additionally, this method could be applied in long-term conservation
programs to monitor the physiological well-being of wild populations in response to environmental

changes or human disturbances, ultimately contributing to more effective conservation strategies.
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926  Figure 1. Positions of the five stimuli used in field experiments on a two-dimensional core affect space
927 (adapted from [64]). Valence indicates whether the stimulus is perceived as positive or negative, while
928  arousal reflects emotional excitement. Colored dots represent stimuli, with labels and expected

929 macaque perceptions in italics. Color gradient shows anticipated facial temperature changes (blue for

930 decrease, red for increase), with darker shades indicating greater deviation from baseline.
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Figure 2. ROlIs - nose tip, nose bridge and upper lip - delimited by ellipses using a customized MATLAB

script. The ellipse for the nose tip excludes nostrils to prevent measurement bias, as nostrils are

typically cooler than nose skin due to airflow.
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Figure 3. lllustrations of appropriate (green tick) and inappropriate (red cross) environmental

conditions to record thermal data.
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943  Figure 4. Temperature variations of nose tip (left), nose bridge (middle) and upper lip (right) depending
944  on the condition ordered in their assumed arousal intensity. The mean is indicated by white rhombus.

945 Red dashed line represents the centered baseline. Boxplots sharing the same letters are not statistically
946  different (*** P < 0.001).

947

42



Author Accepted Manuscript

Nose tip Nose bridge Upper lip
i *kk . *kk . *kk
0 ] .
1 . * : :

1 . . . i B 'y )

= = . i ~ b ¥
9 S.) H 9 . .
< e - H
9. o * 900 e
20 20 ‘ g- 25 2314 :
© © 3 Py » © i e M
s S LR ] . S i ? 'i\ i s
2 2 : LR s e | A 51 3 1 . !

3 3 ‘e o ' 2 L H .

E Rt b g TR

g g o g . ! o0 R R TR i i N

L ] Oi . o . ] .

§ B i !! [ I E e i . ii
(] @ . o I " ]
5 = ! ¢ ' -2 1 L]
2 . 5 [l 1] [ .
i . ; . 3
. . . IR
. 2 . ¢ L : ' {

5 0 5 5 0 5 5 0 5

948 Change of rate (/min) of Activity (pre -> post) Change of rate (/min) of Activity (pre -> post) Change of rate (/min) of Activity (pre -> post)

949 Figure 5. Relationship between the change of activity rates post-stimuli and the temperature changes

950 from the baseline of the nose tip (left), nose bridge (middle), the upper lip (right). (*** P < 0.001).
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Non-Significant).
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962  Supplementary material

963

964

965 Figure S1. Picture of the two python models used during field experiments — model 1 on the left and model 2 on
966 the right. During the experiments, only the head of the python model was made visible to the focal animal by a

967 field assistant.
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969 Figure S2. Spectrogram of (a.) a contact call, (b.) series of three alarm calls, (c.) affiliative grunts, and (d.) aggressive

970 screams of female crested macaques. Spectrograms parameters: FFT length = 1024 points; window = Hann; frame

971 size = 100% (Generated with the software Audacity® 2.3.2).
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974 Figure S3. Drawing and picture illustrating the set-up of the playback experiments. ‘S’": Subject; ‘E1’: Experimenter

975 1 (the camera holder); ‘E2’: Experimenter 2 (the loudspeaker holder).
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977

978 Figure S4. Natural angles of the head when the monkey is looking straight and when it is sitting (left) or standing

979 (right).
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980

981 Figure S5. lllustration of the use of the black target of known emissivity to control for the potential effect of the
982 distance on the thermal measurements in the same environmental condition as the experimental trials (procedure

983 followed just after each successful experimental trial).

50



984

985

986

987

988

989

990

991

992

993

994

995

996

Author Accepted Manuscript

Table S1. Descriptions of focal subjects among the 19 adult females present in the group PB1B at the beginning of

data collection, and field experiments information.

Adult females Playback experiments Python Caller
ID-Code Age Rank Grunts Screams Alarm Contact Call Models
AA 11 1 QPHA(o,p) HA,QPBA (0,0,p) . HAQP (p,i) 2,2 1
NA 6 2 KPCP(op) ) . : ) 3
KP 15 3 EP,NA (0,p) NA,EP (0,0) DP,CA (p,p) EP (o) 1 5
HA 7 4 . . . . 7
FP 16 6 . AA,BA (p,i) . UP (o) 1 1
cP 15 8  UPKA(s0) KA,UP (o,s) UPCA (0,0) UPJA (0,0) 2,2 2
XP 13 9 DPNA(0,0) ) DP (p) 5
DP 16 10 HANP (0,0) NP,HA (p,p) ) NP (p) 1 5
BA 11 11 NPCA (0,0) CA,NP (0,0) NP.CA (0,0) CANP(0,0) 2,2 4
EP 16 13 3
QP 12 15 . . 3
DA 9 16 LA (p) FPLA (p,p) 1
GA 7 17
KA 7 20 8
NP 16 21  XPKA (0,0 XPKA (0,0) CA (p) KAXP (s,0) 1,2 9
upP 12 22 KAKP(s0) KP,KA (s,0) KP,DP (0,p) KPKA(op) 21 5
CA 11 23 JABA(o,s) BA,JA (0,0) DP (o) JA (o) 2 7
LA 7 24 HAXP(p,i) HA,XP (p,p) NP.CP (i,i) 2
JA 7 25 . DA,NP (o,s) 4
TOTAL 19ind. 23 25 13 14 75

Legend: Age estimate based on the year of first birth recorded by the MNP + 4 years (in crested macaques, females
reach sexual maturity and have their first offspring at 4 years old on average); Rank calculated through Elo ratings
at the end of data collection and including the 25 adult females present in the group at the end of data collection.
Playback experiments performed with pre-recorded calls (affiliative grunts, aggressive screams, and alarm calls):
the table shows the ID-codes of the callers in the chronological order of passage when several repetitions have been
conducted. The column ‘Contact Call’ gives the ID-codes of the caller in the chronological order of passage when
several repetitions have been conducted; the column ‘Model’ gives the python model(s) used in the chronological
order of presentation if two repetitions have been performed — (1) for model 1 and (2) for model 2. In brackets is
the reproductive status of the subject at the time of the experiment: ‘s’ for anogenital swelling, ‘p’ for pregnant, ‘i’
for infant of less than 6 months old, and ‘0’ for other. Audience/Caller: the number of times the vocalisations

(among contact calls, screams, grunts and alarm calls) of the individual has been used for an experiment.
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Table S2. Environmental and physical factors that could impact thermal measurements considered in this study.

FIXED EFFECT DEFINITIONS
F(3) Posture
Sitting The bottom is touching the substrate (ground/branch, etc.)
Standing still The four limbs are touching the substrate, not the bottom
Moving Including walking, jumping, climbing up and down a tree
C(m) Distance Distance between the face of the subject animal and the camera sensor
C(°C) Airtemperature Recorded with an automatic temperature and humidity logger (OMEGA
C(%) Relative humidity OM-HL-SP-TH)
F(2) Weather Sunny or cloudy
F(3) Environment
Sea front Open area near the sea but still under the cover of high vegetation; often a
bit windy; dark substrate (rock or sand)
Open forest Primary forest with large and high trees; only sparse vegetation at ground
level
Dense forest Secondary or damaged forest; dense low vegetation at ground level (scrub)
F(2) Vegetation dryness Whether the vegetation was wet following rain or not (i.e., dry)

Legend: The first column indicates whether the variable is a factor (F) or continuous (C) and number of levels or the

unit of measurement in brackets

Table S3. Definitions of the self-directed behaviors considered in this study.

Behavior Definitions

SELF-DIRECTED BEHAVIOURS

Self-grooming to clean its own fur.

Scratch to rake the skin repeatedly using fingers of hands or feet.

Yawn a gaping movement of the mouth.

Body shake to shake the body (often the upper part) vigorously from side to side.

These definitions have been adapted from the ethogram established by the Macaca Nigra Project.
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