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Abstract
Non-human primates (NHPs) can adapt to conditions outside of their natural habitat and climatic ranges but this can be 
influenced by inherent evolutionary traits or plasticity of species that evolved in diverse environmental conditions. In this 
study, we investigated how five species of NHPs that have natural distributions across a range of climatic conditions responded 
to seasonal temperature changes in a captive environment. The activity levels of NHPs were affected by temperature changes 
over the season, where activity levels were generally reduced at the lower and higher temperature ranges. Species that are 
naturally found within narrower and warmer climatic ranges, compared to those found in colder environments with wider 
fluctuations in temperature, showed more marked changes in activity levels in response to temperature changes. In lower 
temperature conditions, three out of five species showed significantly lower activity levels; whereas in higher temperature 
conditions, the activity levels of all species did not significantly decrease. The frequency of thermoregulation behaviours 
was higher, and use of artificial thermoregulatory sources lower, for species that did not substantially adjust their activity 
levels in different temperature conditions. Our results suggest that NHPs largely retained the evolutionary traits related to 
thermoregulation, according to the different ambient conditions they evolved in and may have low behavioural plasticity in 
adapting to conditions outside of their natural ranges. These results provide insights for improving conservation and captive 
management and may have implications for understanding NHP resilience to the increasing impact of global climate change.
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Introduction

The maintenance of core body temperature is an important 
aspect for mammalian survival (Randall et al. 1997; Terrien 
et al. 2011). Non-human primates (hereinafter referred to 
as primates) are thought to have relatively lower tolerance 
for colder climates compared to many other mammals 
(Fleagle and Gilbert 2006). Changes in ambient temperature 
can be important physiological stressors for primates, 
which influences their metabolic strategies in response to 
thermoregulatory pressures. These can be expressed through 

seasonal hormonal changes in cortisol and thyroid hormones 
which affect activity, ranging and foraging patterns, as well 
as social interactions (e.g. Weingrill et al. 2004; McFarland 
and Majolo 2013; McFarland et al. 2015; Cristobal-Azkarate 
et al. 2016; Thompson et al. 2017).

Primate species have evolved specific adaptations to 
climate and seasonality (Reed and Fleagle 1995; Ganzhorn 
et al. 2003), such as hibernation in the fat-tailed dwarf lemur 
(Cheirogaleus medius) (Fietz and Dausmann 2006), torpor 
and other physiological adaptations in grey mouse lemurs 
(Microcebus murinus) (Schmid and Speakman 2000) and 
reddish-grey mouse lemur (Microcebus griseorufus) (Kobbe 
et al. 2014). Other physiological mechanisms can include 
sweating, panting and shivering (reviewed in Campos and 
Fedigan 2009), and behavioural thermoregulation through 
adjustments to activity and posture (ruffed lemur Varecia 
variegata, Morland 1993; black-and-gold howler monkey 
Alouatta caraya, Bicca-Marques and Calegaro-Marques 
1998; baboon Papio spp., Hill 2006; Van Doorne et al. 2010; 
collared lemur Eulemur collaris, Donati et al. 2011; Yunnan 
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snub-nosed monkey Rhinopithecus bieti, Grueter et al. 2013; 
vervet monkey Chlorocebus pygerythrus, McFarland et al. 
2014), social thermoregulation (red-fronted lemur Eulemer 
fulvus fulvus, Ostner 2004; Japanese macaque Macaca 
fuscata, Hanya et al. 2007, 2018; R. bieti, Li et al. 2010 
black-fronted titi monkey Callicebus nigrifrons, Gestich 
et al. 2014), and microhabitat selection (A. caraya, Bicca-
Marques and Calegaro-Marques 1998; Papio spp., Pochon 
2000; Hill 2004, 2006; M.  fuscata, Hanya et  al. 2007; 
black howler monkey Alouatta pigra, Aristizabal et  al. 
2018). These adaptations have been mainly shown within 
the natural climatic ranges of primate species, where the 
importance of adaptations like behavioural thermoregulation 
generally increases in harsher climatic conditions.

For wild primate species, food resource fluctuation is an 
important interacting factor for seasonal variations in activity 
and cost of thermoregulation. Studies have shown that food 
quality and availability in different seasons influenced 
activity budget and these are related to thermoregulatory 
costs (e.g. M. fuscata, Agetsuma 1995, Hanya 2004, Tsuji 
2010; Arunachal macaque Macaca munzala, Mendiratta 
et al. 2009; E. collaris, Donati et al. 2011; Barbary macaque 
Macaca sylvanus, Majolo et al. 2013). A comparative study 
on multiple species of primates by Korstjens et al. (2010) 
showed that resting time was determined by diet and annual 
temperature as well as by temperature variation. These 
effects had particular constraints on folivorous primates 
because of the demands of digesting high-fibre foods. This 
is because the process of digestion confers an energetic cost 
according to diet, food quality and specific gastrointestinal 
adaptations of different primate species (Lambert 1998; 
Milton 1998).

Primates in captivity are not constrained by seasonal 
f luctuations in food resources. However, like their 
conspecifics in the wild, temporal environmental 
variations in ambient temperature and photoperiod 
can exert effects on activity rhythms, energetics and 
thermoregulatory processes (Heldmaier et  al. 1989; 
Morland 1993; Erkert and Kappeler 2004). For optimal 
survival and reproduction in captivity, primates have to 
adapt to environmental conditions that could be very 
different from the conditions that they evolved in. For 
example, for species that reproduce seasonally, specific 
environmental cues are needed for successful reproduction 
(Di Bitetti and Janson 2000; Jansen and Verdolin 2005; 
Van Schaik and Brockman 2005). Exposure to extreme 
temperature differences not found in their natural 
distribution ranges had also been suggested as one of 
the reasons some primate species like the douc langur 
(Pygathrix nemaeus) and proboscis monkey (Nasalis 
larvatus) could not be successfully maintained in Europe 
and North America (Lippord 1989; Lhota et al. 2019). 
Thermal stress on primates housed in conditions outside 

of their thermoneutral zones also has profound effects on 
their welfare (Litchfield et al. 2011). It is expected that 
interspecific differences in resilience to temperature exist 
between primate clades/species. Sensitivity to changes 
in environmental conditions could stem from phylogenic 
differences, according to inherent evolutionary traits 
(Troisi and Schino 1986), as well as how well species can 
adjust their behaviours in order to adapt to local conditions 
(Van Schaik 2013).

Although direct empirical evidence for the impact of 
climate change on primates is scant, numerous primates 
are expected to experience changing climatic conditions, 
increasing their vulnerability under the impact of other 
anthropogenic changes (Graham et al. 2016; Estrada et al. 
2017; Carvalho et al. 2019). Studies on the indirect effects 
of ambient temperature, for example, how it affects forest 
productivity, have shown a general decrease in quality and 
distribution of food resources (Del Grosso et al. 2008). A 
decline in colobine abundance may also be explained by 
the decrease in protein-to-fibre ratio of food plants, induced 
by environmental changes over the past 30 years (Rothman 
et al. 2015; Rothman and Bryer 2019). Studies on the effects 
of changing climates on temperate forest species have also 
suggested historical range contraction and fragmentation due 
to changes in temperature and precipitation (Nüchel et al. 
2018; Zhao et al. 2019). It is difficult to investigate the direct 
effect of climate changes on wild primates, as significant 
detectable changes can occur over extended periods for long-
lived mammals. However, primate species that are brought 
into captivity, into conditions that differ from their natural 
habitat ranges, can offer some insights into the behavioural 
and physiological responses of primates to temperature 
changes.

In this study, we examined five species of primates from 
varying climate conditions in their natural distribution 
ranges but housed in the same environment in captivity. We 
hypothesized that primate species would show differential 
flexibility in adapting to fluctuating temperatures, according 
to the range of temperatures within their natural distribution 
ranges. Accordingly, we predict that species found in colder 
climates with wider temperature ranges would be able to 
better adjust to temperature changes without significant 
changes in activity. These species would use more 
behavioural thermoregulation strategies i.e. higher frequency 
and repertoire of thermoregulation behaviours. This would 
suggest that primates largely retain the evolutionary traits 
associated with thermoregulation, according to the climatic 
conditions they are naturally found in. Conversely, species 
found in warmer climates with narrower temperature ranges 
would be less able to adjust to temperature changes without 
significant changes in activity. These species would rely 
more on artificial thermoregulation sources if they do not 
employ more behavioural thermoregulation strategies. 
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This would indicate low plasticity in coping with different 
climatic conditions.

Methods

Study subjects

Five species of primates at Guangzhou Zoo, China 
were included in this study (Table 1). The study species 
represented primates found on different continents, at 
different latitudinal and climatic ranges and with different 
body sizes. The pig-tailed macaque (Macaca nemestrina) 
and white-headed capuchin (Cebus albifrons) are found in 
relatively warmer climates where, within their distribution 
ranges, mean minimum temperatures are close to 20 °C 
and mean maximum temperatures slightly above 30 °C. 
The lion-tailed macaque (Macaca silenus) and De Brazza’s 
monkey (Cercopithecus neglectus) are found in climates 
that have lower mean minimum temperatures of below 
20 °C and mean maximum temperatures of close to 30 °C. 
Both species have also been recorded in lower temperature 
conditions, M. silenus (12 °C) (Kurup and Kumar 1993) and 
C. neglectus (11 °C) (Walker and Sajita 2011). The ring-
tailed lemur (Lemur catta) has a distribution range with wide 
variation in temperatures, from close to 10 °C to well above 
30 °C. The species has also been recorded at temperatures 
ranging from 3 °C to above 40 °C (Sussman 1991; Kamilar 
and Muldoon 2010; Kelley et al. 2016).

Study site

This study was conducted in Guangzhou city, Guangdong 
province located in southeastern China. The climate is humid 
subtropical with historical monthly averages ranging from 
13.9 °C in January to 28.9 °C in July (China Meteorological 
Administration, www.cma.gov.cn). The typical minimum 
and maximum temperatures in the past decade were 5 °C and 
34 °C (Yang et al. 2013), but extreme temperatures of 0 °C to 
39.1 °C have been recorded (Extreme World Temperatures, 
https ://www.mherr era.org/temp.htm). During our study in 
2018, the lowest mean temperature was 9.9 °C in January 
and highest mean temperature was 33.5 °C in July (Fig. 1).

At the study site at Guangzhou Zoo, all study animals 
were housed in semi-open enclosures of similar sizes in a 
building block with six adjacent animal enclosures. The 
outdoor enclosures are glass-fronted with open tops and 

Table 1  Age–sex class, average body mass, region, latitudinal range and temperature range of species in this study

Latitudinal range limits were estimated from IUCN Red List distribution maps https ://www.iucnr edlis t.org/. Temperature ranges were estimated 
from overlays of distribution maps over climate data from https ://world clim.org, accounting for elevational differences using Digital Elevation 
Models from https ://datab asin.org. Elevation ranges: M. nemestrina (0–1900 m) (Yanuar et al. 2009); C. albifrons (0–2000 m) (Defler 1979); 
M. silenus (100–1800 m) (Kumar et al. 2008); C. neglectus (0–2200 m) (Struhsaker et al. 2008); L. cattta (0–2600 m) (Goodman and Langrand 
1996). Data on body mass from Galán-Acedo et al. (2019)

Species No. of individuals and age class Average 
body mass 
(kg)

Region/latitudinal range Temperature range 
(mean min and 
max)

Pig-tailed macaque (Macaca 
nemestrina)

1 adult male, 1 adult female 8.89 South East Asia
5.9° S to 10.9° N

20.7–31.2 °C

White-headed capuchin (Cebus 
albifrons)

1 adult male, 2 adult females 2.74 South America
14.6° S to 11.7° N

19.9–31.0 °C

Lion-tailed macaque (Macaca 
silenus)

1 adult male, 1 adult female 7.50 India
8.3° N to 14.4° N

17.6–28.9 °C

De Brazza’s monkey (Cercopithecus 
neglectus)

1 adult male, 1 adult female, 2 
juveniles

5.74 Central Africa 8.9° S to 9.7° N 18.1–30 °C

Ring-tailed lemur (Lemur catta) 1 adult male, 2 adult female, 3 
juveniles

2.21 Madagascar
25.6° S to 20.8° S

12.4–34.2 °C

Fig. 1  Maximum and minimum average temperatures and mean 
temperature sampled during this study

https://www.cma.gov.cn
https://www.mherrera.org/temp.htm
https://www.iucnredlist.org/
https://worldclim.org
https://databasin.org
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the enclosures for each species separated by wire fencing. 
The dimensions of the outdoor enclosures range from 6.2 m 
length × 3.9–4.8 m wide × 3.6 m height. These enclosures 
have grass-tufted substrates, some tree vegetation (for 
most enclosures, a single tall tree) and a raised platform 
that is sheltered by a roof structure. An indoor enclosure is 
connected to each outdoor enclosure and accessible through 
a door. The dimensions of the indoor enclosures range from 
3.6–4.2 m length × 2.8 m wide × 2.6 m height. The indoor 
enclosures are freely accessible to the animals. During 
colder months, heaters are provided in the indoor enclosures 
and during the hotter months, mist sprays are activated at 
regular intervals in the outdoor enclosures.

Behaviour observation and climatic variables

We collected behavioural data using video cameras 
(Sony™ HDR-CX900). Observations were conducted over 
seven months from 2 January to 30 July 2018. We observed 
the behaviours of all available subjects of each species 
and collected 36 h of data for each species, totalling 180 
observation hours. Observations were conducted during the 
hours of 9 am to 12 noon and from 1 to 4 pm. However, 
observation times were not entirely balanced across 
temperature ranges, owing to unforeseen situations where 
observations were stopped because of inclement weather. To 
control for additional confounding variables, we discarded 
data sets where there was rain. We conducted additional 
observations to make up for lost hours of observation, so as 
to balance the data set as much as possible.

We analysed the video recordings using Noldus Observer 
XT 13.0 and according to the ethogram in Table 2. Scan 

sampling (Altmann 1974) at 1-min intervals was used to 
analyse data in the ethogram categories “general behaviours” 
and “enclosure use”. Behaviours were only observed 
in the outdoor enclosure as the subjects were not visible 
once they entered the indoor enclosure. We calculated the 
total percentage of time spent by each species on active 
behaviours and in the outdoor enclosure versus the indoor 
enclosure. These were divided into hourly data sets, where 
all behaviours were considered active with the exception 
of the category “rest”. All-occurrence sampling was used 
for behaviours under the category “thermoregulation 
behaviours” and expressed as frequency per hour. Climatic 
variables were collected using a temperature/humidity 
logger  (AZ® 88163), which recorded data at 5-min intervals. 
This logger was placed at a fixed location near the subjects’ 
enclosures. Temperature data was similarly split into hourly 
data sets which corresponded to the behavioural data sets.

Statistical analysis

We used mixed-effects polynomial regression to test the 
effect of ambient temperature on time spent active. A 
polynomial function was used as activity and temperature 
fluctuations followed a circadian pattern. For each species, 
we constructed polynomial models up to a degree of three 
and used sequential analysis of variance to determine 
the polynomial order that provided the best fit model. 
Behavioural data were split into hourly time intervals for 
analysis. As time of day could follow a circadian rhythm 
exerting an effect on activity that is independent of 
temperature effects, we tested for the random effect of time 
of day using a likelihood ratio test. This was also used to 

Table 2  Ethogram of general activity, thermoregulation behaviours and exhibit use used for analysis in this study

Thermoregulation behaviours adapted from Paterson (1981), Morland (1993), Hanya et al. (2007), Donati et al. (2011) and Gestich et al. (2014)

Behaviour/exhibit use Description

General behaviours
 Rest Any inactivity in a stationary and relaxed posture including sleep with eyes closed
 Locomotion Any movement (walk, run, climb, jump, etc.)
 Feed/forage Any activity associated with acquisition and ingestion of food, including manipulation, manual and oral food 

processing
 Groom Autogroom and allogroom (as actor) by licking, nibbling or picking the surface of the body with fingers
 Others Other behaviours like swing, hang, copulation, play, drink, urination and defecation

Thermoregulation behaviours
 Postural Hunched sitting position, may include variations like curling into a ball with the tail wrapped around or with 

upper limbs crossed or tucked under lower limbs; sun basking with upper limbs outstretched (unique to 
ring-tailed lemurs)

 Social Huddling (defined as trunk–trunk contact with other individuals) and in a stationary position with no limb 
movements

Enclosure use
 Outdoor Where the subject could be observed in the outdoor exhibit
 Indoor Where the subject could not be observed in the outdoor exhibit
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control for pseudo-replication for data sets that were split 
by time of day. We used linear regression to test the effect 
of ambient temperature on time spent active, above and 
below temperatures of peak activity levels. We tested for 
differences in frequency of behavioural thermoregulation 
between species, using one-way analysis of variance 
(ANOVA) with post hoc Tukey-HSD (honestly significant 
difference) tests. We used two-way ANOVA to test for the 
effect of temperature on enclosure use and for any significant 
interacting effects between temperature and species; 
and temperature and enclosure use. For this analysis, we 
transformed the activity data into categories of different 
temperature ranges: < 10 °C, > 10 to 20 °C, > 20 to 30 °C 
and > 30 °C. We tested the relationship between frequency 
of behavioural thermoregulation and enclosure use; as well 
as temperature, using Pearson’s correlation. All data were 
checked for normality using Kolmogorov–Smirnov tests. We 
tested for homogeneity of variance using Bartlett’s test for 
groups of data used in the ANOVA procedures. Analyses 
were performed with the R statistical package, version 3.1.2 
(R Development Core Team, R Foundation for Statistical 
Computing, Vienna; https ://www.rproj ect.org/). Statistical 
significance was set at p < 0.05.

Results

Effect of temperature on activity

There was a significant effect of ambient temperature 
on the activity of pig-tailed macaques using a best fit 
quadratic model (F(2,33) = 10.55, p < 0.001) with time of 
day accounting for a variance of 6.1% which was significant 
(χ2 = 7.704, p = 0.021). There was a significant effect of 
ambient temperature on activity of capuchins using a best 
fit quadratic model (F(2,33) = 19.501, p < 0.001) with time of 
day accounting for a variance of 11.5% which was significant 
(χ2 = 27.593, p < 0.001). There was a close to significant 
effect of ambient temperature on the activity of lion-tailed 
macaques using a best fit quadratic model (F(2,33) = 2.934, 
p = 0.067) with time of day accounting for a variance of 
4.2% which was significant (χ2 = 7.805, p = 0.020). There 
was no significant effect of ambient temperature on the 
activity of De Brazza’s monkeys using a best fit cubic model 
(F(2,33) = 2.173, p = 0.110) with time of day accounting 
for a variance of 4.8% which was significant (χ2 = 6.281, 
p = 0.043). There was no significant effect of ambient 
temperature on the activity of ring-tailed lemurs using a best 
fit cubic model (F(2,33) = 0.364, p = 0.779) with time of day 
accounting for a variance of 1.42% which was not significant 
(χ2 = 0.978, p = 0.613). Graphs depicting the relationships 
between percentage of active time and temperature are 
shown in Fig. 2a–e.

Below temperatures of peak activity, there was a 
significant effect of temperature on the activity of pig-tailed 
macaques (F(1,26) = 20.25, p < 0.001, R2 = 0.420), capuchin 
monkeys (F(1,26) = 16.34, p < 0.001, R2 = 0.346) and lion-
tailed macaques (F(1,27) = 4.31, p = 0.047, R2 = 0.127), 
but no significant effect of temperature on the activity of 
De Brazza’s monkeys (F(1,14) = 1.129, p = 0.306, R2 = 0.075) 
and ring-tailed lemurs (F(1,12) = 0.688, p = 0.428, R2 = 0.071).

Above temperatures of peak activity, there were no 
significant effects of temperature on the activity of all 
species: pig-tailed macaques (F(1,6) = 0.735, p = 0.416, 
R2 = − 0.030), capuchin monkeys (F(1,6) = 3.714, p = 0.102, 
R2 = − 0.255), lion-tailed macaques (F(1,5) = 0.347, p = 0.582, 
R2 = − 0.122), De  Brazza’s monkeys (F(1,18) = 0.133, 
p  = 0.719, R2 = − 0.045) and r ing-tailed lemurs 
(F(1,20) = 1.186, p = 0.289, R2 = − 0.144).

Behavioural thermoregulation

The frequency of thermoregulation behaviour was 
significantly different between species (F(4,175) = 9.526, 
p < 0.001) (Fig. 3). Post-hoc tests showed that ring-tailed 
lemurs spent significantly more time on thermoregulation 
behaviours compared to pig-tailed macaques (p < 0.001), 
capuchin monkeys (p < 0.001) and lion-tailed macaques 
(p < 0.001). De Brazza’s monkeys spent significantly more 
time in behavioural thermoregulation compared to pig-tailed 
macaques (p < 0.01) and lion-tailed macaques (p = 0.043). 
The frequency of thermoregulation increased with 
decreasing temperature (Pearson Correlation: r = − 0.442, 
n = 178, p < 0.01).

Effect of temperature on enclosure use

Enclosure use was significantly different between species 
(F(4,170) = 14.524, p < 0.001) (Fig.  4). The relationship 
between enclosure use and species was independent of 
temperature differences with a non-significant interaction 
effect between species and temperature (F(4,170) = 2.178, 
p = 0.059). Post hoc Tukey-HSD tests showed that pig-
tailed macaques used the indoor enclosure significantly more 
than ring-tailed lemurs (p < 0.001), lion-tailed macaques 
(p < 0.001) and De Brazza’s monkey (p = 0.02); Capuchins 
used the indoor enclosure significantly more than ring-tailed 
lemurs (p < 0.001) and lion-tailed macaques (p < 0.01); and 
lion-tailed macaques used the indoor enclosure significantly 
less than De Brazza’s monkey (p < 0.01).

Enclosure use was significantly different over 
temperature ranges (F(4,170) = 5.116, p = 0.025). The 
relationship between enclosure use and temperature 
is dependent on species differences with a significant 
interaction effect between temperature and species 
(F(4,170) = 11.890, p < 0.001). Use of indoor enclosure was 

https://www.rproject.org/
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significantly higher at temperatures below 10 °C compared 
to 20–30  °C (p = 0.024), and significantly higher at 
temperatures over 30 °C compared to 10–20 °C (p < 0.01) 
and 20–30 °C (p < 0.001). There was a negative correlation 
between enclosure use and frequency of behavioural 
thermoregulation (Pearson correlation r = − 0.198, 
n = 178, p < 0.01).

Discussion

The activity levels of primate species in this study were 
affected by temperature changes over the season, where 
activity levels were generally reduced at the lower and 
higher temperature ranges. At the lower end of the 

Fig. 2  Graphical models of mixed-effects polynomial regression for the effect of temperature on percentage of activity. Peak in activity levels 
indicated by vertical dotted lines
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temperature gradient, pig-tailed macaques, white-fronted 
capuchins and lion-tailed macaques showed significant 
decreases in activity levels when temperatures decreased. 
At the higher end of the temperature gradient, all species 
did not show significant decreases in activity levels when 
temperatures increased. Significant effects of temperature 
on the activities of pig-tailed macaques and white-
fronted capuchins supported our hypothesis that species 
from warmer and narrower climatic distribution ranges 
responded more to temperature changes by adjusting their 
activity levels. This hypothesis was further supported by 
findings that their frequency of thermoregulation behaviour 
was low and they significantly used more artificial 
thermoregulatory sources and the indoor enclosure 
to mitigate the effects of low ambient temperature. 

Although it could also be argued that higher utilization 
of the indoor enclosure indicated a positive adaptation, it 
would seem counterintuitive to suggest that this behaviour 
represented natural resilience when compared to other 
typical thermoregulatory behaviours and homeostatic 
regulation of body temperature. In contrast, the activities 
of De Brazza’s monkeys and ring-tailed lemurs were not 
significantly influenced by temperature changes. This 
was again related to the fact that they showed higher 
frequencies of behavioural thermoregulation and less use 
of artificial thermoregulatory sources. The lion-tailed 
macaques showed a close to positive effect of temperature 
on their activity, although they are found within similar 
climatic ranges as the De Brazza’s monkey. This effect 
was mainly contributed by significantly lower activity 
levels at lower temperatures. Consequently, this species 
showed low frequency of thermoregulation behaviours and 
higher use of the indoor enclosure. The peak in activity 
for all species was from approximately 17 °C to 30 °C, 
which could suggest an optimal temperature  range for 
primate species to be suitably maintained outside their 
natural distribution ranges. Overall, our results supported 
that seasonal activity patterns of the primates in this study 
are likely related to inherent adaptations to temperatures 
found in their native climatic conditions.

There are several confounding factors that should be 
considered in the interpretation of our results. One factor is 
the variable group sizes of our study species, which could 
facilitate social thermoregulation in groups with more 
individuals and limit it in groups with fewer individuals. 
Most notably, the lion-tailed and pig-tailed macaque groups 
only consisted of two individuals which limited their use 
of huddling as a social thermoregulation strategy, often 
documented for other wild macaque species that experience 
temperature climates (e.g. M. fuscata, Hanya et al. 2007; 
M. sylvanus, Campbell et al. 2018). Although huddling 
had also been documented for subtropical/tropical species 
(e.g. Bonnet macaque Macaca radiata, Silk 1994; Sulawesi 
crested macaque Macaca nigra, Thierry et  al. 2000), 
these were mostly in the context of social interactions. 
Hence, it could also be the case that our two species of 
study macaques did not extensively adopt huddling as 
a thermoregulation strategy, even in natural conditions. 
In contrast, lemur species can exhibit a wide range of 
thermoregulation behaviours like huddling (V. variegata, 
Morland 1993; Hapalemur griseus alaotrensis, Mutschler 
2002; E.  fulvus fulvus, Ostner 2004; Southern bamboo 
lemurs Hapalemur meridionalis, Eppley et al. 2017), with 
sun basking shown to be of particular importance for L. catta 
under cold weather conditions (Kelley et al. 2016). Indeed, 
ring-tailed lemurs in our study were found to extensively use 
strategies such as sun basking when their enclosures were 
exposed to direct sunlight. This suggests that behavioural 

Fig. 3  Frequency (per hour) of thermoregulation behaviours

Fig. 4  Percentage of indoor enclosure use at different temperature 
ranges. CA white-headed capuchin, DE De  Brazza’s monkey, LE 
ring-tailed lemur, LI lion-tailed macaque, PI pig-tailed macaque
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thermoregulatory traits of wild conspecifics in their 
natural habitats are retained in captivity. To improve our 
understanding of behavioural thermoregulation strategies, 
another factor that can be examined in greater depth is 
how changes in body posture can aid or inhibit heat loss 
to improve thermoregulation efficiency (e.g. Paterson 1981; 
Dasilva 1993). Measurements of the effects of ambient 
temperature on surface temperature can be aided by thermal 
imaging technology, as increasingly used in recent studies 
(e.g. Tattersall and Cadena 2010; Ioannou et al. 2015; Guo 
et al. 2018), with comparisons to body temperature using 
implanted temperature loggers (e.g. Lubbe et  al. 2014; 
Bethge et al. 2017; Thompson et al. 2017).

In this study, we also did not consider the possible 
effects of body mass differences between the study species 
that may affect energy expenditure and thermoregulation 
efficiency in different temperature conditions. Basal 
metabolic rate is expected to increase with larger body mass 
(Pontzer et al. 2014) and smaller body mass is beneficial 
for thermoregulation in warmer climates (Bergmann 1847; 
Gardner et al. 2011). The De Brazza’s monkey, lion-tailed 
and pig-tailed macaques used in this study were much 
larger than the white-fronted capuchin and ring-tailed 
lemur. However, activity levels in relation to temperature 
changes did not suggest a body mass effect. The activity 
levels of capuchins, pig-tailed macaques and lion-tailed 
macaques showed significant relationships to temperature 
while the De Brazza’s monkeys and ring-tailed lemurs did 
not. At higher temperatures, all species also did not show 
significant activity responses to increasing temperature 
despite differences in body mass.

Food resource fluctuation is an important factor for 
seasonal variations in activity and cost of thermoregulation 
in wild primates. In the absence of significant food resource 
fluctuation in captivity, we could better examine the 
independent effect of temperature on seasonal variation 
of activity. However, another factor that could be better 
examined is the autonomic thermoregulatory mechanisms 
related to digestive physiology, which could confer 
differential energetic costs independent of the effect of 
temperature. Although lower ambient temperatures generally 
confer additional energetic costs (Satinoff 2011; McFarland 
et  al. 2014; Sha et  al. 2018), different gastrointestinal 
adaptations of primate species (Lambert 1998; Milton 
1998) meant that the interaction between temperature 
and the energetic cost of digestion could differ. Further 
investigations into this aspect, for example, by comparing 
the autonomic energy expenditure of foregut- and hindgut-
fermenting primates in different temperature conditions, is 
needed to better explain our current findings. In addition, 
some primate species have wide distribution in different 
habitats at different elevation zones (and thus climatic 
conditions); intraspecific variations should also be further 

investigated in both wild and captive primate species. The 
time spent in captivity can also influence the acclimatization 
of primates to seasonal temperatures outside of their native 
temperature ranges and should be considered in future 
studies.

In summary, our study provided preliminary insights into 
how several primate species could differentially respond 
to climatic conditions outside of their natural distribution 
ranges. Our results seemed to suggest a retention of 
evolutionary traits from their natural climatic distribution 
ranges and generally low behavioural plasticity in response 
to fluctuations in climatic conditions. These results provide 
a basis for further investigations into the physiological 
mechanisms that influence temperature adaptability, where 
primates can be used as a model for long-lived mammals.
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