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ABSTRACT

Measuring body surface temperature changes with infrared thermography has recently been put forward as a
non-invasive alternative measure of physiological correlates of emotional reactions. In particular, the nasal
region seems to be highly sensitive to emotional reactions. Several studies suggest that nasal temperature is
negatively correlated with the level of arousal in humans and other primates, but some studies provide incon-
sistent results. Our goal was to establish the use of infrared thermography to quantify emotional reactions in
common marmosets (Callithrix jacchus), with a focus on the nasal region. To do so we exposed 17 common
marmosets to a set of positive, negative and control stimuli (positive: preferred food, playback of food calls;
negative: playback of aggressive vocalizations, teasing; control: no stimulus). We compared nasal temperature
before and after the stimuli and expected that highly aroused emotional states would lead to a drop in nasal
temperature. To validate the thermography measure, we coded piloerection of the tail as an independent
measure of arousal and expected a negative correlation between the two measures. Finally, we coded physical
activity to exclude its potential confounding impact on nasal temperature. Our results show that all predictions
were met: the animals showed a strong decrease in nasal temperature after the presentation of negative arousing
stimuli (teasing, playback of aggressive vocalizations). Furthermore, these changes in nasal temperature were
correlated with piloerection of the tail and could not be explained by changes in physical activity. In the positive
and the control conditions, we found systematic sex differences: in males, the preferred food, the playbacks of
food calls, as well as the control stimulus led to an increase in nasal temperature, whereas in females the
temperature remained stable (preferred food, control) or decreased (playback of food calls). Based on natur-
alistic observations that document higher food motivation and competition among female marmosets, as well as
stronger reactions to separation from group members in male marmosets, these sex differences corroborate a
negative correlation between arousal and nasal temperature. Overall, our results support that measuring nasal
temperature by infrared thermography is a promising method to quantify emotional arousal in common mar-
mosets in a fully non-invasive and highly objective way.

1. Introduction

require attaching electrodes or placing the subject in an fMRI tube [4];
changes in heart-rate can be assessed by electrocardiography that re-

Identifying emotional states remains one of the big challenges in
animal behavior research since in contrast to humans, animals cannot
document their subjective experience in self-reports. However, in ad-
dition to subjective experiences, emotional states also correlate with
behavioral and physiological responses that are accessible to empirical
investigation in animals [1-3].

Physiological markers are particularly promising because they can
be quantified objectively. Unfortunately, techniques to measure them
tend to be invasive and restrict the movement of the subject. For ex-
ample, EEG or fMRI can be used to measure brain activity patterns but
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quires electrodes on the subjects body [5-7]; quantifying the galvanic
skin response necessitates a finger transducer [8] and blood pressure is
measured by a cuff or an arterial catheter [9,10].

The invasiveness of such methods limits their use to measure
emotions, especially in animals. First, the measurement interferes with
the behavior and is likely to produce a strong emotional reaction in
itself. Furthermore, habituating the subject to the procedures is often
time intensive or even impossible [1,6,11]. A fundamental limitation in
the study of animal emotions is thus the scarcity of non-invasive
methods to measure physiological reactions. This limitation is
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particularly striking when the goal is to quantify emotional arousal in
naturalistic situations or social interactions, which is an increasingly
important domain of research [3,12].

In recent years, infrared thermography has been pioneered as a fully
non-invasive, contact-free technique to examine emotional states. This
technique measures emotion-related surface temperature changes [13].
Several studies have focused on temperature changes in highly exposed
body regions such as the nose, fingers, paws or the tail of animals
[3,6,14-16]. The temperature of these areas seems to be highly sensi-
tive to emotional changes. However, results are sometimes inconsistent,
and it is not yet clear which temperature reactions correspond to what
kind of emotion and how sensitive such measures are.

In humans, first studies showed a trend to a decrease in temperature
in peripheral body regions during negative, high-arousal states. Thus, a
decrease in nasal or finger temperature has for example been observed
in response to stimuli inducing mental stress [17], fear [16], guilt [14]
or when experiencing empathy for a child in distress [18]. These tem-
perature drops in peripheral body regions are mostly attributed to
changes in subcutaneous perfusion that are controlled by the sympa-
thetic branch (SNS) of the autonomic nervous system. The idea is that
during the “fight or flight” response, the SNS induces peripheral vaso-
constriction and hence a decrease in blood flow and cooling of the re-
spective regions [13,14,19]. This mechanism is most likely caused by
the immediate norepinephrine release by the SNS, that occurs within
seconds after the presentation of stressful stimuli. Minutes later, espe-
cially with strong negative stimuli, the thermal signature could further
change due the secretion of cortisol by the adrenal gland [20,21].

Peripheral temperature drops, however, appear to accompany
arousal in general, and not only in combination with negative valence.
In fact, various studies that examined thermal reactions to positive
stimuli suggest that the respective impact of arousal on body tem-
perature is independent of whether the emotion is of positive or ne-
gative valence. For instance, Kosonogov et al. [22] measured nasal
temperature while human participants were watching standardized
emotional pictures. They could show that arousal, but not valence, of
the induced psychological state had an effect on nasal temperature.
Furthermore, Salazar-Lopez et al. [23] found that nasal temperature
decreased during positive empathic reactions (empathic happiness).
Another study found that playing and laughing, behaviors most likely
linked to positive, high arousal emotions, evoked nasal temperature
drops in human children [24]. Consistent with this general effect of
arousal, positive, relaxing situations were often linked to the opposite
thermal reaction, i.e. an increase in peripheral body temperature. For
example, human participants instructed to relax [25] or watching po-
sitive, relaxing video clips [26] showed an increase in finger tempera-
ture. Likewise, watching at and thinking about a beloved person evoked
an increase in nasal and hand temperature in most and half of the
participants, respectively [23].

Whereas the above findings match the suggested pattern of a ne-
gative correlation between arousal and the temperature of peripheral
body regions in humans, a few studies have shown other reactions. For
instance, sexual arousal was linked to an increase in nasal temperature
although it is most likely not associated with a relaxed emotional state
[27,28]. Further, Salazar-Lépez et al. [23] conducted an experiment in
which human participants were exposed to IAPS images (International
Affective Picture System: Lang et al. [29]) which elicited psychological
states of varying valence and arousal levels. Positive images, both low
and high arousal were linked to an increase in nasal temperature while
for negative conditions, nasal temperature decreased in response to low
arousal but increased in the case of high arousal.

In thermography studies with animals, most results support that
negative arousal evokes a drop in temperature of peripheral body re-
gions. For example, macaques showed a decline in nasal temperature in
response to a threatening person [19] or visual and vocal signals of
aggressive conspecifics [8]. Kano et al. [6] found that the nose of
chimpanzees became colder in response to playback calls and videos of
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fighting conspecifics. They validated their findings with behavioral but
also additional physiological measurements. Most notably for one of the
subjects they reported a decrease of the relative power of the high-
frequency band of the heart rate variability spectrum, which is reported
to be a reliable indicator of a highly aroused state. A further study [3]
investigated thermal reactions of wild chimpanzees in response to
naturally occurring species-specific vocalizations. They found that nasal
temperature dropped significantly after aversive vocalizations while it
stayed about the same after neutral ones. Intriguingly, they also report a
significant increase in ear temperature in the neutral conditions but not
in response to aversive vocalizations. Potentially underlying physiolo-
gical mechanisms for these changes in ear temperature are not known.
In fact, a different pattern was observed in rabbits and dogs where ear
temperature decreased during stress or fear related situations [30,31].
Additionally, stress-related situations evoked a temperature drop in the
tail and paws in rats [15].

In contrast to negative stimuli, reactions to positive stimuli are less
well studied in animals. However, one study showed an increase in
nasal temperature in a macaque while it was stroked by a human, and
the decrease in its heart rate suggested that the monkey became more
relaxed during this procedure [32]. A similar effect was observed in
sheep, where nasal and withers temperature were higher after a
brushing session. The brushing session was interpreted as a relaxing
event based on independent behavioral indicators [33]. These findings
support the hypothesis that lowering the level of arousal leads to an
increase in peripheral temperature (but see Proctor and Carder 2015).
In contrast to these temperature increases after relaxing stimuli, two
different studies found that not only negative but also positive arousal
leads to a decrease in peripheral body temperature. First, a trend was
found for a decrease in nasal temperature in non-human primates when
the subjects were exposed to a toy that was assumed to be positively
arousing [34]. Second, a temperature decrease in the comb of hens was
evoked by a conditioned cue signaling a reward as well as the following
reward delivery. The authors suggest that this was a positively arousing
event for the hens that evoked a peripheral vasoconstriction [35].

Another macaque study compared nasal temperature among three
conditions that were assumed to be negatively or positively arousing:
feeding with potential food competition, teasing with food, and playing
with a toy. Nasal temperature was only significantly lower in the
feeding condition compared to the other two conditions, which did not
show a significant difference in nasal temperature among each other
[11]. However, the conditions were not compared to a “neutral” control
or a baseline condition and no behavioral markers of arousal were
coded, which hampers the interpretation about the link between
arousal and nasal temperature. Table 1 summarizes these studies on
humans and animals, classifying the stimuli according to the suggested
valence and arousal level as well as the corresponding thermal reaction.

Overall, there are only a few results that contradict the proposed
link between arousal and a decrease in peripheral body temperature in
animals. However, this could be a simple artefact of the bias for studies
about negative, high arousal emotions. Therefore, in order to reliably
apply this method to assess the level of arousal, it is mandatory to in-
vestigate a variety of possible emotions that vary with regard to both
valence (positive/negative) and arousal.

A final issue in thermography studies, especially with animals,
concerns the role of physical activity [6,11,31]. An alternative ex-
planation for thermal changes that accompany arousal may be that
higher arousal simply leads to higher physical activity that in turn in-
fluences body temperature. For example, a decrease in nasal tempera-
ture could alternatively be caused by a more active breathing pattern as
a consequence of higher physical activity [13,19,37]. Therefore, to
verify the link between emotions and changes in peripheral body
temperature, it is important to additionally examine this potentially
confounding effect.

In this study we investigated the use of infrared thermography to
infer emotional states in common marmoset, a New World monkey
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Table 1
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Summary of studies that examined the link between emotional states and thermal reactions in peripheral body regions (nose, finger, tail or ears). We classified the
emotions/psychological states according to the suggested valence and level of arousal as well as the corresponding evoked peripheral temperature change. Some
studies are mentioned several times as they examined more than one emotion. The subscript letters indicate whether the emotion was examined in humans (H), non-
human primates (P) or other animals (A).

Arousal
Increase Decrease
Valence Positive Temperature drop Temperature drop

- Empathic happiness [23]"

- Joy [241"

- Playfulness [341°

- Anticipation and consumption of a reward 3512
Temperature rise

- Low and high, positive arousal due to exposure to IAPS
images [231%
- Sexual arousal [27,28]"

- Getting stroked at preferred regions [36]*
Temperature rise

- Relaxing [25,26,32,33] "-PA
- Feeling love [231%

Negative Temperature drop

- Fear [16]"

- Guilt [14]"

- Negative empathy [18]"

- Unpleasant arousal [22]"

- Low negative arousal due to exposure to IAPS images [23]"
- Stress, fear [3,6,8,11,15,19,30,31]" *

- Feeding with food competition (compared to teasing and

No studies

playing) [11]"
Temperature rise

- High negative arousal due to exposure to IAPS images [23]"
- Teasing and Playing with a toy (compared to feeding with

food competition) [11]7

Neutral Temperature drop

- Mental Stress [17]"
Temperature rise

- No studies

No studies

species. Marmosets are increasingly used as model species in social
neurosciences and evolutionary anthropology [12,38-43] because of
their high degree of sociality, cooperation and allomaternal care, which
show striking similarities with humans [41,42]. Marmosets are small,
highly active animals and do hardly ever stand still. This makes it dif-
ficult to reliably track the temperature of a respective region of interest,
especially if its temperature is not very different from the surrounding
area. However, the nasal region is prominently visible as a cold spot in
the face and hence can be tracked reliably. We therefore decided to
focus on nasal temperature as a first investigation about the use of in-
frared thermography in marmosets.

We experimentally examined nasal temperature changes in 17
common marmosets in five conditions that were supposed to induce
psychological states of varying levels of arousal and valence: teasing
with food, playback of aggressive vocalizations, preferred food, play-
back of food calls and control (no stimulus).

Based on previous studies, we expected a negative correlation be-
tween arousal and nasal temperature. We a priori assumed that teasing
with food and the playback of aggressive vocalizations would evoke a
negative, intermediate to high arousal state in the animals, whereas
eating a preferred food item was assumed to be a positive, relaxing
event. A similar reaction could be expected in response to playbacks of
food calls given by group members because previous studies have
shown that vocalization of familiar individuals can lead to a stress re-
duction (decrease in cortisol level) [44]. However, food calls mostly
refer to the presence of preferred food items and encourage the animals
to search for the food source [45,46]. Therefore, we expected that the
food calls could also lead to a positive, but aroused rather than relaxed

state. During the control condition, the experimenter turned away and
no stimulus was given. This was assumed to be neither positive nor
negative and thus not lead to a change in arousal. Simultaneously to the
presentation of the stimuli and the assessment of changes in nasal
temperature, we quantified a behavioral marker of arousal throughout
the experimental conditions (i.e. piloerection of the tail). This beha-
vioral marker allowed us to validate the findings of the thermal reac-
tions. Finally, we also quantified physical activity, to disentangle
whether thermal reactions indeed capture emotional states rather than
being a mere consequence of physical activity.

2. Methods
2.1. Subjects and housing

We tested 17 adult common marmosets, 9 females and 8 males
(Callithrix jacchus) (see Supplementary material S.1 for details about the
subjects). They were all born and reared in captive family groups. The
animals lived in different groups or pairs that were housed in adjacent
enclosures and had only visual and olfactory contact with other groups.

The monkeys were housed in heated indoor enclosures that con-
tained sleeping boxes, heated resting platforms as well as climbing and
playing material like ropes and branches. The floor was covered with
bark mulch. When weather conditions were suitable, the animals also
had access to outdoor enclosures that could be reached via transparent
tubes.

The marmosets were fed at least twice a day (porridge with vitamins
at 8:30; fresh fruits and vegetables between 11:00 and 12:00) and water
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was continuously available. During the week they received an addi-
tional snack (mealworms, nuts etc.) in the afternoon. For this study the
animals were neither food nor water deprived. The monkeys had al-
ready been involved in other behavioral experiments but had no pre-
vious experience with the current experimenter or a thermography
camera.

2.2. Ethics statement

The experiments were approved by the Kantonales Veterindramt des
Kantons Zurich, Switzerland (license number 223/16) and classified as
degree of severity = 0.

2.3. Experimental procedure

During the experiments the monkeys were separated in a testing
compartment (60*50%50 cm) of a larger testing enclosure in a testing
room. This helped to control for spatial variation in environmental
conditions (light, temperature) and to reduce the monkey's ability to
move around and interact with group members. The monkeys vo-
luntarily entered the testing enclosure from their home cage via a tube
system that could be opened and closed by the experimenter. Thus, no
direct handling of the animals was required. At the front mesh of the
testing enclosure we attached a perch that served as preferred sitting
area for the monkeys. Two cameras were placed in front of the testing
compartment, a thermography camera (FLIR, T620) and a camcorder
(SONY, HDR-CX730E). Prior to the experiments, the animals were ha-
bituated to the testing enclosure over a period of several weeks, first
with their family group, later alone. Subjects who failed to habituate
were excluded from the experiment.

Before an experimental session started, the experimenter opened the
entrance to the testing enclosure and allowed free access to all animals
of the social group for about two minutes. After this settling-in period
the experimenter separated the subject in the testing compartment and
lured the other group members out of the testing room. The experi-
mental session started when the subject was quietly sitting on the perch
or clinging to the front mesh and did not show obvious signs of stress,
such as escape attempts, excessive vocalization or running quickly back
and forth.

Each experimental session was divided into a baseline, a stimulation
and a post-stimulation phase. The baseline phase lasted for two to three
minutes. During this phase the experimenter offered a mealworm or a
small piece of nut cookie to the subject periodically (every 20s)
through the mesh with a tweezer. This procedure occupied the subject
and kept its attention towards the direction of the camera. Although a
potential effect of this feeding procedure on the emotional state could
not be fully excluded, we expected it to be negligible, especially com-
pared to the other stimuli, as it was only a small amount of food and the
monkeys were already habituated to this procedure. More importantly,
the procedure was identical for all conditions and could therefore not
influence the main results, i.e. differential reactions depending on sti-
mulus type during the stimulation phase.
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The stimulation phase started 20s after the last mealworm was
handed over in the baseline. In this phase the subject was not offered
food but was instead exposed to one of the five stimuli. The post-sti-
mulation phase started right after the stimulus has ended. It was
identical to the baseline and lasted for about three minutes.

2.4. Stimuli

We used 5 stimuli that were presented to the subjects in randomized
order. Each subject was tested maximally once a day in one of the five
conditions. To elicit an increase in negative arousal, we used teasing
and a playback of aggressive vocalizations. To evoke positive emotions
we used offering highly preferred food and a playback of food calls of
familiar individuals. During the control stimulus the experimenter
simply stopped interacting with the subject.

During the teasing condition, the experimenter showed the subject a
defrosted cricket (Acheta domesticus) or a nut cookie, depending on
what the respective subject preferred. The experimenter held the food
item right in front of the mesh and pulled it away each time the subject
tried to grab it. The teasing lasted maximally 60 s. However, the teasing
was finished earlier when the subject showed increasing signs of stress
(e.g. escape attempts, running back and forth).

The playback of aggressive vocalizations (PB-) consisted of ag-
gressive calls of common marmosets that were given during intergroup
visual contact. The calls were recorded with the Avisoft UltraSoundGate
116H laboratory software and a condenser microphone CM16/CMPA.
For all the sessions we used the same recording which did not include
calls from group members of any of the subjects. This stimulus lasted
maximally 60 s but again it was terminated prematurely if the subject
showed increasing signs of stress. The playback was broadcast using
“iMovie” (Apple, Version 10.1.9) from a laptop (MacBook Pro, Apple)
placed in the right or left neighboring compartment of the testing
compartment.

In the preferred food (food) condition, a defrosted cricket was given
to the subject by the experimenter with a tweezer through the mesh.
The subject was allowed to eat the cricket in its entirety without any
disturbance. During the feeding time, the experimenter turned to the
camera and did not look at the monkey. The duration of this stimulus
could not be controlled and depended on how long it took the animals
to consume the food.

The Playback of food calls (PB+) consisted of food calls given by
one to three members of the subjects social group. Each of the play-
backs lasted for 45s. The calls were again recorded with the Avisoft
UltraSoundGate 116H laboratory software and a condenser microphone
CM16/CMPA and cut in “iMovie”. To imitate naturally sounding
playbacks, the food calls were regularly interrupted by pauses that were
similarly arranged for all the individuals. The calls were played back in
the same way as the aggressive vocalizations.

Finally, we used a control stimulus that was assumed to not evoke a
strong emotional reaction. The control stimulus was a continuation of
the baseline condition with the exception that the experimenter no
longer offered a mealworm every 20 s. Instead, she turned her body to

Fig. 1. Example of thermographic frames used to measure nasal temperature. The circles at the nasal region indicate the area from which the minimal temperature

was measured.
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the camera and did not look at the subject. This stimulus lasted for
about 45-60s.

The exact durations of the stimuli are listed in Table S.2 of the
Supplementary material.

2.5. Thermal measurement and coding

During the experiments the monkeys were constantly filmed with an
infrared thermography camera of the model FLIR T620 (temperature
sensitivity: 0.04 °C; resolution: 640 X 480 pixels; sampling rate: 30 fps).
For acclimatization, the camera was located in the experimental room
and turned on at least 15min before the experiment started. The
camera was placed on a tripod in front of the testing compartment
about one meter from the mesh. It was controlled with the FLIR Tools +
software from a laptop. The room temperature and humidity were
periodically recorded and entered into the camera while the emissivity
was constantly set on 0.98. To ensure an optimal and clear image, the
orientation of the camera was manually adjusted towards the subject
when it was climbing up or down. The focus of the camera was con-
trolled by hand to prevent the autofocus from focusing on the mesh
rather than the subject.

For the extraction of the nasal temperature data, we used a custo-
mized MATLAB (R2018b) script. To do so we manually placed an el-
lipse over the region of interest (nose) on the first appropriate frame in
each two-second interval and exported the minimal temperature of this
area automatically to an excel file. If a respective interval did not
contain a useful frame it was omitted. Appropriate frames were selected
based on the following criteria (see Fig. 1 for examples). (1) The subject
had to be right behind the frontal mesh to ensure that its face was in the
focus of the camera. (2) The subjects' head had to be oriented straight
towards the camera (maximum tilt angle of about 45°). (3) The nasal
region was not covered by the mesh. (4) The nose was not blurred due
to movements of the subject or the camera.

Due to the resolution of the thermography camera, we were not able
to recognize the tiny nostrils of the marmosets in the thermographic
images and hence we were not able to measure breathing activity.

20% of all thermography videos were analyzed by a second rater to
assess inter-rater reliability. The videos could be coded with very high
reliability, resulting in an intraclass correlation coefficient (ICC 3) of 1
with a confidence interval of 1 to 1.

2.6. Behavioral measurement and coding

For the behavioral measurements we additionally filmed the ani-
mals with a camcorder (SONY, HDR-CX730E). The camcorder was
placed on a tripod right next to the thermography camera. The beha-
vioral analysis was conducted with the software INTERACT (MANGOLD
GmbH, version 16).

We assessed piloerection of the tail as a signal of high arousal
[47,48]. Therefore, we coded the level of piloerection of the tail every
five seconds by assigning one of the three following levels: 0 = no pi-
loerection, 1 = half of the tail shows piloerection or the complete tail
shows weak piloerection, 2 = the complete tail shows strong piloerec-
tion. If the state of piloerection was not visible at the respective time
point, the time interval was extended by two seconds before it was
coded as not available (N.A.). Piloerection was coded from 30 s before
the stimulus onset until the stimulus offset. Finally, to estimate the
change in the extent of piloerection during the stimulation phase we
subtracted the mean of all scores collected during the baseline phase
from the scores of the stimulation phase. For the coding of the piloer-
ection, we reached an intraclass correlation coefficient (ICC 3) of 0.94
with a 95% confidence interval from 0.84 to 0.98 (based on 20% of all
the videos coded by two raters).

Finally, we coded the activity level of the monkeys to control for a
potential impact of physical activity on nasal temperature. We counted
the number of changes in position during the period of 30s before the
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stimulus onset until 30s after the stimulus had ended. A change in
position was defined as the animal moving away all four limbs from the
current position and moving at least one body length. Movements on
the perch were not counted as changes in position because the perch
was quite short (33cm) and hence physical activity was highly re-
stricted. When a subject changed between two positions via a third
position that was occupied for less than ten frames (0.4 s), this was only
counted as one change. For example, when a subject was hanging on
the ceiling and jumped via the floor directly onto the perch it was
counted as one change in position. We calculated a pre (30s before
stimulus onset) and a post (stimulus onset until 30 s after the stimulus)
value by dividing the number of changes in position by the length of the
respective period (in minutes) to get frequency measures of activity. For
the activity measure, we reached an intraclass correlation coefficient
(ICC 3) of 0.96 with a 95% confidence interval from 0.88 to 0.99 (based
on 20% of all the videos coded by two raters).

2.7. Data analysis

All statistical analyses were conducted in R 3.4.4. The assumption of
homogeneous residuals and the absence of influential outliers were
assessed by inspecting residual plots and cook's distances, respectively.
Linear mixed models (LMM) were performed with the R function “Ilme”
of the package “nlme”. The models were built up in a step-forward
procedure, starting with a null model that only included the random
effect (random intercept) and adding all the fixed effects step by step
(first all the main effects, then the interactions). To assess whether an
added factor had a significant impact on the dependent variable, we
always compared the respective model to the previous one (the one that
did not include the respective factor) by a likelihood ratio test (R
function “anova”). If a fixed factor or an interaction did not lead to an
improvement of the model it was excluded from the final model if its
higher-order interactions were also non-significant [49].

2.7.1. Nasal thermal reaction

To assess temporal changes in nasal temperature, we compared the
temperature measures taken during the last 30 s of the baseline con-
dition (pre) to the measures taken during 30 s after the stimulus offset
(post). With this protocol, we would most likely capture the immediate
stress response (norepinephrine based “fight or flight” reaction) rather
than a slower, potential increase in cortisol [20,21].

Since we were interested in temperature changes relative to base-
line, rather than in absolute temperature, we calculated a centered
temperature measure, by subtracting the individual mean temperature
of the baseline from all temperature measures of the respective session.

To examine the effect of the different stimuli on changes in nasal
temperature, we conducted a LMM (model 1) on the centered nasal
temperature. We set condition (food, teasing, PB-, PB4+ and control),
phase (pre and post), sex (male, female) as well as all two- and three-
way interactions as fixed effects. Further, we added the subject as
random effect to control for the repeated measures within and across
sessions.

To assess in more detail how males and females reacted to the dif-
ferent stimuli, we compared least square means of nasal temperature
between pre and post phase per condition and sex based on the final
model. Finally, to investigate the thermal reactions on the individual
level, we performed Mann-Whitney U tests that compared nasal tem-
perature between the pre and post phase separately within each session
(see Supplementary S.3, Table S.3).

2.7.2. Piloerection

First, we assessed the effect of the different stimuli on piloerection
of the tail by calculating a LMM (model 2) on the extent of piloerection
of the tail that included condition, sex as well as their interaction as
fixed effect and subject as random effect. Based on the final model we
compared least square means among the conditions.
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Table 2
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Summary of all linear mixed models. The df, %® and p-values resulted from the respective model comparisons by likelihood ratio tests. The order in which the
different fixed factors were added to the model corresponds to the order in which the factors are listed here. In all the models, subject was set as random factor. Bold

p-values indicate significant results (< 0.05).

2

Model Dependent variable Fixed factor/effect df X p-value
1 Nasal temperature (Pre and Post phase; all conditions) Condition 4 119.907 < 0.0001
Phase 1 83.200 < 0.0001
Sex 1 4.983 0.026
Condition*Phase 4 172.789 < 0.0001
Condition*Sex 4 2.348 0.672
Phase*Sex 1 65.729 < 0.0001
Condition*Phase*Sex 4 15.134 0.004
2 Extent of piloerection (all conditions) Condition 4 30.888 < 0.0001
Sex 1 1.433 0.231
Condition*Sex 4 2.621 0.623
3 Nasal temperature (Post phase, all conditions) Extent of piloerection 1 110.794 < 0.0001
Sex 1 4.927 0.026
Extent of piloerection*Sex 1 0.551 0.458
4 Activity (Pre and Post phase; all conditions) Condition 4 12.447 0.014
Phase 1 14.400 0.000
Sex 1 0.669 0.413
Condition*Phase 4 15.285 0.004
Condition*Sex 4 2.756 0.600
Phase*Sex 1 1.288 0.256
Condition*Phase*Sex 4 1.599 0.809
5 a) Teasing Nasal temperature (Post phase; Teasing) Physical activity (post value) 1 0.248 0.619
b) PB- Nasal temperature (Pre and post phase; PB-) 1 9.572 0.002
¢) Food Nasal temperature (Pre and post phase; Food) 1 0.769 0.380
d) PB+ Nasal temperature (Pre and post phase; PB+) 1 2.494 0.114
e) Control Nasal temperature (Pre and post phase; Control) 1 0.832 0.362

To examine the link between the nasal thermal reaction and the
piloerection, we set up a LMM (model 3) on the temperature data of the
post phase. We included the extent of piloerection of the tail, sex and
their interaction as fixed effect and subject as random effect.

2.7.3. Physical activity

First, we assessed whether the stimuli had an effect on physical
activity. Therefore, we ran a LMM (model 3) on physical activity (fre-
quency of changes in position) that included condition, phase, sex as
well as all their interactions as fixed effects and the subject as random
effect. Based on the final model, we compared least square means be-
tween the phases within each condition.

In a second step we examined whether the observed temperature
changes could be mere artefacts of changes in body temperature due to
physical activity. First, we examined whether changes in temperature
were better explained by experimental condition, physical activity, or pi-
loerection of the tail. We therefore compared the AIC values of three
LMMs that we conducted on nasal temperature of the post phase (the data

of one male marmoset (Merkur) in the food call condition was excluded as
no piloerection data was available) that each included one of the three
fixed factors of interest. Subject was always set as random effect.

Second, we looked for each experimental condition separately if
there was a link between physical activity and nasal temperature. We
thus ran five separate LMMs, one for each condition. We used nasal
temperature of the post phase as dependent variable while physical
activity (post value), sex as well as their interaction were set as fixed
effects and the subject as random effect.

3. Results
3.1. Nasal thermal reaction

The best model to explain nasal temperature included the factors
condition, phase, sex as well as all their two- and three-way interactions
(see Table 2, model 1). We used pairwise comparisons of least square
means of nasal temperature between the pre and post phase per
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Table 3

Pairwise comparisons of least square means of nasal temperature between pre and post per condition and sex. Bold p-values indicate a significant result (< 0.05).

Physiology & Behavior 211 (2019) 112672

Final model: Nasal temperature ~ Condition*Phase*Sex + Subject (random effect)

Contrast Condition Sex Estimate (°C) SE (°C) df t-value p-value
Pre to Post phase Teasing Male —0.524 0.082 1012 —6.361 < 0.0001
Female —0.832 0.068 1012 —12.188 < 0.0001
PB- Male -0.215 0.073 1012 —2.936 0.003
Female —0.926 0.073 1012 —12.703 < 0.0001
Food Male 0.202 0.076 1012 2.650 0.008
Female 0.028 0.083 1012 0.342 0.733
PB+ Male 0.244 0.083 1012 2.935 0.003
Female —0.238 0.084 1012 —2.820 0.005
Control Male 0.174 0.079 1012 2.196 0.028
Female —-0.143 0.082 1012 —1.744 0.081

condition and sex to disentangle these effects (Table 3 and Fig. 2). In the
negative conditions (teasing and playback of aggressive vocalizations),
both males and females showed a strong decrease in nasal temperature in
response to the stimulus. The temperature drops were more pronounced
in females than males. In the positive conditions (preferred food and
playback of food calls), males and females reacted differently. Males
showed an increase in both conditions, whereas females showed no
change in temperature after eating a preferred food item and a decrease
in temperature after the playback of food calls. In the control condition,
finally, females showed no significant change in temperature whereas
males showed a modest increase. See Supplementary S.3 for an overview
over the results at the individual level, separately for each condition.

3.2. Piloerection

First, we examined how the extent of piloerection differed between
the conditions and the sexes. The respective LMM (see Table 2, model 2)

showed a significant effect of condition on the extent of piloerection,
whereas sex and the interaction of sex and condition were not significant.
Based on the final model, pairwise multiple comparisons of least square
means of piloerection among the conditions (see Table 4 and Fig. 3)
revealed that in the negative conditions, the teasing and the playback of
aggressive vocalizations, the monkeys showed significantly more pi-
loerection than in the other conditions. Between the two negative con-
ditions the extent of piloerection was not significantly different.

To validate the findings of the thermoimaging data, we tested
whether there was a link between the extent of piloerection and the
change in nasal temperature. A LMM (table 2, model 3) conducted on
nasal temperature revealed that the extent of piloerection is a sig-
nificant predictor of the change in nasal temperature: more piloerection
of the tail was linked to a stronger decrease in nasal temperature (see
Fig. 4). Although sex did significantly improve the model, which was
expected given model 1, the interaction of the extent of piloerection
and sex was not a significant predictor of the thermal reaction.

Teasing PB- Food PB+ Control
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Fig. 2. Grand mean of nasal temperature changes (temperatures of post phase) during the five different stiuli separately for each sex (error bars indicate SE).
Significant changes are indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Table 4

Multiple pairwise comparisons of least square means of the extent of piloerection among the conditions. Bold p-values indicate significant differences (< 0.05).
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Final model: Extent of piloerection ~ Condition + Subject (random effect)

Contrast Estimate SE df t-value p-value
Teasing PB- —0.023 0.154 43 —0.150 1.000
Food 0.619 0.159 43 3.883 0.003
PB+ 0.544 0.171 43 3.183 0.022
Control 0.658 0.163 43 4.038 0.002
PB- Food 0.642 0.154 43 4.168 0.001
PB+ 0.567 0.166 43 3.417 0.012
Control 0.681 0.158 43 4.320 0.001
Food PB+ -0.075 0.171 43 —0.436 0.992
Control 0.039 0.163 43 0.237 0.999
PB+ Control 0.113 0.174 43 0.649 0.966

* p-values adjusted by tukey method.
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Fig. 3. Mean of the extent of piloerection of the tail for all the different con-
ditions. Significant differences between the conditions are indicated by asterisks
(*p < 0.05, ** p < 0.01, *** p < 0.001).

3.3. Physical activity

In a first analysis we examined whether the experimental stimuli had an
influence on physical activity. We found that condition, phase and their
interaction had an effect, whereas sex as well as all its interactions were no
significant predictors for physical activity (Table 2, model 4). Based on the
final model, we compared least square means of nasal temperature between
the pre and post phase within each condition (Table 5, Fig. 5) and found a
significant increase in physical activity during the playback of aggressive
vocalizations, but no change in any of the other conditions.

Second, we were interested in the impact of physical activity on
nasal temperature. We thus analyzed whether the change in nasal
temperature was better explained by mere physical activity rather than
the emotional state. Based on the findings above, emotional state was
proxied by experimental condition and piloerection of the tail. The
comparison of the AIC values of the three LMMs revealed that the
thermal reaction was explained worst by physical activity, better by
piloerection, and best by condition (table 6).

Finally, we quantified the effect of physical activity on nasal tem-
perature for each condition separately with LMMs (table 2, model 5 a—e;
Fig. 6). There was no consistent relationship between physical activity
and nasal temperature among the different conditions, except in the
aggressive playback condition, where higher physical activity was sig-
nificantly correlated with a stronger decrease in nasal temperature.

4. Discussion

Our goal was to evaluate the use of infrared thermography as a non-
invasive and objective measure of emotional reactions in common
marmosets. More precisely, we focused on how nasal temperature
changed in response to different stimuli that were chosen to induce
varying types of emotional reactions. As predicted, we found that nasal
temperature dropped significantly in situations that were assumed to be
highly arousing. To validate whether the drop in nasal temperature
indeed reflected arousal, we first analyzed whether it was correlated
with an independent behavioral measure of arousal in marmosets,
namely piloerection of the tail. We found such a correlation, which was
a first indication that a decrease in nasal temperature indeed reflects
arousal. However, an alternative cause for the decrease in nasal tem-
perature could be an increase in physical activity.

To exclude this alternative, we also measured the individuals' ac-
tivity. Our results show that there was no consistent relationship be-
tween physical activity and the thermal response across conditions. In
fact, we only found a significant correlation between these two mea-
sures in the aggressive playback condition. Even though in principle,
activity in this condition may be responsible for the decrease in nasal
temperature, the lack of such a correlation in all other conditions
suggest that the temperature change cannot be solely explained by
activity. Most likely, the negative stimulus in the aggressive playback
condition led to an emotional reaction reflected in nasal temperature
changes and a behavioral reaction (increased activity). The latter may
also have influenced nasal temperature and therefore, the observed
thermal signature may indicate the result of both internal and beha-
vioral (activity) consequences of arousal. Finally, there was no increase
in physical activity in the teasing condition, where we observed the
strongest decrease in nasal temperature, corroborating that most var-
iation in nasal temperature is independent of activity. Accordingly,
changes in nasal temperature were far better explained by the stimulus
type (condition) or by piloerection rather than by activity. It is thus
unlikely that changes in nasal temperature were a mere reflection of
physical activity, at least in the current setting. Admittedly, in more
naturalistic settings with freely moving individuals, such as in the wild,
variation in activity will be much greater and may well have a stronger
influence on nasal temperature. Additionally, we can not exclude po-
tential effects of changes in breathing patterns. However, as we did not
find a systematic impact of physical activity on temperature changes,
differences in breathing activity could well be the result of changes in
the emotional state. These causal relationships make it very difficult to
pinpoint the exact physiological mechanism responsible for changes in
nasal temperature. Nevertheless, regardless of the exact mechanism,
our hypothesis is supported: arousal correlates negatively with nasal
temperature. Together, these results support that infrared thermo-
graphy is a reliable and valid measure of arousal in captive common
marmosets that are tested under controlled conditions.
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Fig. 4. Relationship between piloerection of the tail and nasal thermal reaction.
Each point indicates the mean data of one session (one subject in one condi-
tion). X-values less than zero indicate a decrease while positive values indicate
an increase in piloerection of the tail from the baseline to the stimulation phase.
The grey band represents the standard error and the significance is indicated by
asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

The negative stimuli, i.e. teasing and a playback of aggressive vo-
calizations, elicited the most obvious thermal responses. These two
stimuli were a priori assumed to be perceived as negative in valance
and highly arousing. In both conditions nasal temperature decreased
significantly after the stimulus. This result was true for most of the
individuals and although females reacted more strongly, the effect was
present in both sexes. Furthermore, the amplitude of the thermal re-
sponses was relatively large compared to the ones in the other condi-
tions. In addition to the thermal reaction, piloerection of the tail was
significantly more prevalent in the two negative conditions compared
to the others. This indicates that the teasing and the playback of ag-
gressive vocalizations were indeed more arousing than the other con-
ditions. Furthermore, there was also a negative correlation between the
extent of piloerection of the tail and nasal temperature. Overall, these
observations are consistent with the pattern found in other non-human
primates, namely that high negative arousal is accompanied by a de-
crease in nasal temperature [3,6,8,11,19].

In contrast to the negative conditions, the temperature responses to
the two positive and the control stimulus were less pronounced, sug-
gesting that these stimuli had a smaller impact on the emotional state.
The piloerection data was fully consistent with this idea: while piloer-
ection was abundant in the negative conditions, it was almost absent in
the positive and the control conditions, without any sex differences. The

Table 5
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behavioral data would thus suggest no emotional reaction in the posi-
tive and the control conditions, but the thermal data revealed a more
fine-grained pattern: an increase in nasal temperature was only ob-
served in the males, whereas there was no effect (preferred food and
control condition) or even a temperature decrease (food calls condition)
in the females. The patterns observed in the positive conditions as well
as the slight sex differences in the negative conditions (females showed
a stronger temperature decrease) go in line with the predicted link
between arousal and nasal temperature if we consider behavioral sex
differences in marmosets. In general, female common marmosets seem
to be more interested and motivated than males in situations where
food is involved. They are faster and more persistent when they have to
search for food [50] or when they have to solve a food-related task
[47,51], and they are more likely to aggressively defend their food
against group members [52]. Further females show higher intra-sexual
competition and are more involved in between-group aggression
[53,54].

The lack of an increase in nasal temperature following the food
stimulus may thus indicate that the females were slightly aroused by
the anticipation of food competition, which overrode the relaxing effect
of the food per se. In addition, the temperature decrease in the food call
condition in females may simply reflect the excitement about the pre-
sence of high-quality food as announced by the food calls. The higher
food motivation may also explain the stronger decrease in temperature
in females during the teasing. On the other hand, the stronger reaction
of the females in the aggressive playback condition may be caused by
the fact that they were more aroused due to potential encounters with
same-sex competitors.

In the males, there appeared to be a consistent overall pattern in the
two positive and the control conditions: males tended to have higher
nasal temperatures after all these stimuli. This could suggest that the
males were more likely to be not fully habituated to the situation by the
start of the experiment and would have needed more time to calm down
before the start of an experimental session. This is not unlikely since
among callitrichids, males are known to be the more vigilant sex and
they are more responsible for the detection of potential dangers to their
group [55,56], what could explain a higher level of arousal and hence a
slower habituation during the separation procedure. However, addi-
tional analyses suggest that this explanation doesn't hold, because
males did not show a steeper positive increase in nasal temperature
during the baseline than females (see Supplementary materials S.4 for
more details). Therefore, a more plausible explanation would be that
males perceive these three stimuli as relaxing. This was expected for the
food and the food calls playback condition but not for the control
condition. However, during the control condition, the baseline phase
where the experimenter interacted with the subject by giving him a
mealworm every 20s was followed by the stimulus phase where the
experimenter directed her attention away from the subject and instead
watched at the camera. It is possible that this removal of attention from
the experimenter reduced tension and thus arousal in the males. In fact,

Comparisons of least square means of physical activity between pre and post within each condition. Bold p-values indicate a significant result (< 0.05).

Final model: Physical activity ~ Condition*Phase + Subject (random effect)

Contrast Condition Estimate SE df t-value p-value
Pre to Post phase Teasing 1.369 0.990 112 1.385 0.169
PB- 4.606 0.925 112 4.980 < 0.0001
Food —0.481 0.990 112 0.487 0.627
PB+ 1.264 1.068 112 1.183 0.239
Control 1.642 1.026 112 1.601 0.112
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Fig. 5. Mean of physical activity for the pre and post phase for each condition (error bars indicate SE). Significant changes are indicated by asterisks (* p < 0.05, ** p

< 0.01, *** p < 0.001).

Table 6
Comparison of the relative impact of the fixed factors condition, extent of pi-
loerection and physical activity on nasal temperature by AIC values.

Dependent variable Fixed factor AAIC
Nasal temperature (Post phase, all Condition 0
conditions)
Extent of piloerection 76.265
Activity (post value) 135.3
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Fig. 6. Relationship between physical activity (post value) and nasal thermal
reaction in each condition. Each point indicates the mean data of one session
(one subject in one condition). Significant relationships are indicated by as-
terisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

this would be consistent with a previous study that showed that male
marmosets are more emotionally aroused than females when con-
fronted with a human experimenter [47]. Whether the increases in
nasal temperature in the two positive conditions were indeed evoked by
the stimuli itself or were again caused by the distance to the

10

experimenter is not clear. However, both possibilities support that a
reduction of the arousal level is linked to an increase in nasal tem-
perature.

Despite the clear sex differences in the overall data, some individual
females showed the male pattern of thermal changes, and some in-
dividual males showed the female pattern (see Supplementary material
S.3). This suggests that in addition to systematic sex differences, in-
dividual differences exist with regard to how a specific situation is per-
ceived. Importantly, these could only be made visible with thermo-
imaging but not with measuring piloerection of the tail, a traditionally
used behavioral indicator of arousal. Thermography thus appears to be a
particularly sensitive measure of arousal in marmosets. High sensitivity
of thermography to quantify arousal had previously been proposed for
humans by Kosonogov et al. [22]. They compared nasal temperature
changes with the skin conductance response and also found that the
thermal reaction was more sensitive to arousal than the other measure.
Nevertheless, since interindividual differences in physiological and be-
havioral responses to emotions are possible, it is most desirable to code
several indicators of emotional arousal simultaneously.

We only focused on the nasal region due to its clear visibility in the
thermal images, which made the tracking of the respective temperature
highly reliable. However, in future studies, the thermal reactions of
additional body parts could be investigated. Results in humans and
other primates indeed suggest that combinations of different thermal
reactions can distinguish between different emotions in more detail
[3,13,34,57]. Next to measuring peripheral body regions, one pro-
mising area are the eyes, that have been shown to change their tem-
perature during emotional reactions in humans and different animals
[20,58-61].

Overall, the current experiment supports that in common marmo-
sets' nasal temperature is sensitive to emotional changes, and that in-
frared thermography is an appropriate, highly objective and non-in-
vasive method to infer these thermal reactions. In fact, this method
appears to be more sensitive than the traditional behavioral marker of
arousal, i.e. piloerection. Furthermore, our continuous graphical re-
presentations of marmoset thermal reactions (see Supplementary ma-
terial S.3, Fig. S.1) provide useful benchmarks about onset latencies and
the amplitude of the thermal reaction for future studies.

Mirroring the literature, particularly consistent results were
achieved with highly arousing, negative stimuli, most likely because
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they are perceived in the same way by all individuals. Equally universal
positive stimuli are more difficult to identify, and even the presentation
of highly preferred food may result in negative arousal if individuals
anticipate food competition. The measurement of valence
dependently of arousal thus continues to be a challenge.
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