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Abstract

Quantifying the costs of mating is key for understanding life-history trade-offs. As a reflection of metabolic rate, body temper-
ature is one metric for assaying these costs. However, conventional methods for measuring body temperature are invasive and
unsuitable for the study of free-living populations of endangered species, including great apes. A promising proxy for body
temperature is fecal temperature, the internal temperature of fecal deposits shortly following defecation. We validated this method
with humans, finding that maximum fecal temperature is a reliable proxy for rectal temperature. We then applied this method to
wild chimpanzees (Pan troglodytes schweinfurthii) at Ngogo, Kibale National Park, Uganda. We collected and analyzed 101
fecal temperature measurements from 43 adult chimpanzees (male: N =28; female: N=15). Chimpanzee fecal temperature
ranged from 33.4 to 38.9 °C, with a mean of 35.8 °C. Although fecal temperature was not predicted by sex, age, or ambient
temperature, male fecal temperature was 1.1 °C higher on days when sexually receptive females were present and was positively
correlated with male dominance rank. Post hoc analyses showed that overall copulation rates, but not aggression rates, were
positively correlated with fecal temperature, suggesting that sexual physiology and behavior best explain mating-related tem-
perature variation. Together, these results indicate fecal temperature is a reliable proxy for core body temperature in large-bodied
mammals, captures metabolic costs associated with male mating behavior, and represents a valuable noninvasive tool for
biological field research.

Significance statement

Body temperature illuminates an animal’s physiological condition and energy expenditure, but it is difficult to measure in wild
animals. Consequently, basic data on body temperature and its socioecological correlates in wild animals are scant, especially
when noninvasive measures must be used. To address this problem, we demonstrated that the temperatures of fecal deposits
reliably estimate body temperatures in a large bodied primate and are approximately as reliable as invasive, subcutaneous
transponder methods used in other mammals. We then found that fecal temperature in chimpanzees varied by ecologically and
reproductively relevant variables including time of year, the presence of sexually receptive females, and dominance rank. Sexual
behavior was likely responsible for increased male fecal temperature, as overall copulation frequency, but not aggression, was
correlated with fecal temperature. We therefore provide evidence that fecal temperature can be used to assay body temperature
and address questions regarding physiological condition and metabolic expenditure.
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Introduction

In many mammalian species, males invest less in offspring
care than do females (Bateman 1948; Trivers 1972) and invest
instead in mating effort (Hdméldinen et al. 2017). Male mating
effort has been well documented in monkeys and apes and
includes aggressive contest competition (Bercovitch 1997,
Muller 2002; MacCormick et al. 2012) and social dominance
hierarchies, with high-ranking males more likely to mate with
receptive females (Altmann 1962; Dewsbury 1982;
Cowlishaw and Dunbar 1991) and sire offspring (Launhardt
et al. 2001; Wroblewski et al. 2009; Feldblum et al. 2014;
Georgiev et al. 2015). As contest competition requires consid-
erable investment, male mating effort may impose a number
of costs (reviewed in Emery Thompson and Georgiev 2014).

Efforts to identify and quantify costs associated with mat-
ing effort have been numerous. Notable methods include ob-
servation of feeding time (Georgiev et al. 2014), assessment of
gastrointestinal parasite richness (Muehlenbein and Watts
2010), and social network analyses of viral exposure
(Rushmore et al. 2013). The energetic and psychosocial costs
of male mating effort have also been assessed using physio-
logical biomarkers measured noninvasively in urine or feces
(Behringer and Deschner 2017), including cortisol (Muller
and Wrangham 2004b; Anestis et al. 2006; Muehlenbein and
Watts 2010) and C-peptide of insulin (Emery Thompson et al.
2009; Surbeck et al. 2015).

Variation in body temperature, as a reflection of metabolic
demands (Hayward et al. 1977; Berger and Phillips 1988;
Westerterp-Plantenga et al. 2002; Abreu-Vieira et al. 2015),
may offer another metric of mating effort. Although the ma-
jority of body temperature research emphasizes fever and in-
nate immune responses (Palmes and Park 1965; Baracos et al.
1987), body temperature also has critical implications for an-
imal growth (Verbeek 1988; Kohler et al. 2012), reproductive
physiology (Royston 1982; Kusuda et al. 2011), body condi-
tion (Haftorn 1972), and even social behavior (Gestich et al.
2014). For instance, female vervet monkeys (Chlorocebus
pygerythrus) with more social partners exhibited higher min-
imum body temperatures, which may confer fitness benefits
by reducing the costs of homeothermy and increasing energy
available for reproduction (McFarland et al. 2015). Critically,
body temperature has repercussions for mate competition in
both ectotherms and endotherms. Increased body temperature
may promote physical traits that increase reproductive suc-
cess. For instance, male Moor Frogs (Rana arvalis) with
higher body temperatures exhibit bluer coloration, which, for
small males, is positively correlated with mating success
(Hettyey et al. 2009). Similarly, in lions (Panthera leo), fe-
males preferentially mate with males who have darker, longer
manes; these preferred males also exhibit higher body temper-
atures (West and Packer 2002). Reproductive physiology and
behavior also affect body temperature. Notably, sexual arousal
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corresponds to increased genital temperature in both men and
women (Kukkonen et al. 2007). In Macleay’s marsupial mice
(Antechinus stuartii), male body temperature increases during
the mating season, due in part to male-male aggression
(Kortner and Geiser 1995), and in female Nile grass rats
(Arvicanthis niloticus), mating frequently occurs during the
time of day when body temperature is highest (McElhinny
etal. 1997).

Considering the various physiological and ecological ap-
plications of body temperature, there have been numerous
efforts to measure temperature in wild mammals. Internal tem-
perature probes provide highly accurate core temperature
measurements and allow remote access of data (Lovegrove
2009; Torrao et al. 2011; Langer and Fietz 2014). However,
such devices are highly invasive and therefore unsuitable for
the study of free-ranging and protected species, including
great apes. Indeed, the ethical considerations are not clearly
defined for many species (Wilson and McMahon 2006).
Furthermore, invasive methods can generate methodological
complications. Surgical implants, for example, can be logisti-
cally and financially prohibitive, and if improperly implanted,
harmful to the study subject (Horning et al. 2017). Similarly,
methods entailing animal capture can detrimentally alter body
temperature—for instance, via restraint-induced stress
(Busnardo et al. 2010).

Although strides have been made in the use of noninvasive
temperature measurements, these methods remain imperfect
(McCafferty et al. 2015). For instance, infrared thermography
provides high-precision surface temperatures and has been
used to measure responsiveness to reproductive and social
changes in wild chimpanzees (Dezecache et al. 2017a, b).
However, infrared thermography is affected by climatic con-
ditions, making absolute body temperatures difficult to ascer-
tain (Cilulko et al. 2013; McCafferty et al. 2015). Indeed, in
primates, measurements derived by infrared thermography
predict ambient temperature better than they predict body tem-
perature (Thompson et al. 2017). Another noninvasive meth-
od is therefore required for use when implants or collars are
unethical, impractical, or cost prohibitive.

The temperature of fecal deposits provides a compelling,
and largely overlooked, noninvasive proxy for rectal temper-
ature in free-ranging mammals [e.g., elephants (Benedict and
Lee 1936; Kusuda et al. 2007)]. Rectal temperature reflects
core temperature (Robinson et al. 1998; Mazerolle et al.
2011). Consequently, studies of captive chimpanzees have
measured rectal temperatures (Fox 1923; Morrison 1962;
Melis et al. 2012) or tympanic temperatures (Fowler et al.
1999), which are highly correlated with rectal temperatures
(Stewart et al. 1998; Sehgal et al. 2002; Boere et al. 2003;
Long et al. 2011). Jensen et al. (2009) estimated body temper-
ature in wild chimpanzees (Pan troglodytes) by applying a
sigmoid curve to fecal temperature decline. However, this
method requires upwards of 10 min to obtain adequate points
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for the sigmoid curve, during which time air bubbles may
open in the deposit that will adversely affect the estimate.
Simplicity and speed are highly desirable methodological
qualities when monitoring wild chimpanzees. Therefore, a
modified, simpler version of Jensen et al. (2009)’s method,
in which the maximum fecal temperature is used as a proxy
for rectal body temperature, would be useful for the study of
chimpanzees and other large-bodied mammals.

Here, we tested whether reproductively relevant behavioral
and ecological variables predict differences in fecal tempera-
ture in adult chimpanzees at Ngogo, Kibale National Park,
Uganda. We first validated a single measurement of maximum
fecal temperature as a reliable proxy for rectal body tempera-
ture in humans. We then assessed variance in chimpanzee
fecal temperature according to variables that may affect pri-
mate body temperature, including age (Lane et al. 1996;
Obermeyer et al. 2017), sex (Thompson et al. 2014), ambient
temperature (Aujard and Vasseur 2001), season (Takemoto
2004; van Ooijen et al. 2004), and time of day (Fuller and
Sulzman 1982). Next, we assessed variance in fecal tempera-
ture with two measures of male chimpanzee mating effort: the
presence of sexually receptive females and dominance rank.
Male-male competition peaks in the presence of sexually re-
ceptive females (Muller 2002; Sobolewski et al. 2013). We
predict that increases in body temperature correspond to such
increased physical and social activity. We assessed the pres-
ence of sexually receptive females as a proxy for mating effort
to assess the cumulative influence of behavioral and physio-
logical changes that define male mating effort (from aggres-
sion to sexual arousal and copulation). This was also done
because we did not observe mating behavior from the focal
males when fecal temperatures were collected. Importantly,
we only assess associations for sexually receptive females in
the same party as the focal male, as increased male competi-
tion is contingent on spatial association with the receptive
female. Similarly, high-ranking male chimpanzees engage in
greater levels of physical competition, as reflected in elevated
aggression rates (Muller 2002; Muller and Wrangham 2004a)
and perhaps body size (Foster et al. 2009). We therefore ex-
pected that if status competition imposes notable metabolic
costs through physical competition, dominance rank should
also positively correlate with fecal temperature.

Methods
Study site and subjects

We conducted this study at Ngogo, Kibale National Park,
Uganda. Ngogo is home to the largest community of wild
chimpanzees yet studied (Wood et al. 2017). At the beginning
of the study period, there were 204 individuals in this com-
munity, including 34 adult males. The chimpanzees range

over approximately 35 km? (Mitani et al. 2010). The unusu-
ally large size of this community provides a unique sample
with which to assess the ecological and demographic corre-
lates of noninvasively measured body temperature in wild
chimpanzees. As we collected data from focal chimpanzees,
we did not use blinded methods in this study.

Measuring fecal temperature

We collected all temperature measurements with a commer-
cial digital data-logging thermometer (TMD-56, Amprobe,
USA). The thermometer was inserted into the fecal deposit,
and we recorded until the temperature started to decline. We
used the peak temperature as a given deposit’s temperature.
As Jensen et al. (2009) observed decreased quality in their
estimates with longer lag times between defecation and mea-
surement (beginning at approximately two minutes post-def-
ecation), we only took fecal temperatures when we could be-
gin measuring within 90 s of deposition. Jensen et al. (2009)
did not observe an effect of fecal weight on temperature esti-
mates; consequently, we did not control for fecal weight.

Human validation

We validated our method by collecting 18 paired measure-
ments of fecal temperature and rectal body temperature from
two adult human males, using the same thermometer used for
fecal temperatures and at the same field site where chimpan-
zee data were collected. One individual provided 14 paired
measurements from 17 November 2017 and 13 January
2018, almost always in the morning after having eaten a light
breakfast. The second individual provided four paired mea-
surements from 19 to 23 September 2017 between 7:30 and
13:15. Fecal deposits were excreted onto a piece of cardboard
over the opening of a “long-drop” pit latrine (z = 10) or onto a
piece of cardboard on the ground (n = 8). Deposits from one
individual were relatively soft, but formed (n =14), while
samples from the other individual were firm and compact
(n=4). Small, diarrheal, and exceptionally dry deposits were
not measured. To determine if defecation greatly biased rectal
temperature measurements, we compared rectal temperatures
taken before and after defecation for 15 paired measurements.
We found a significant positive correlation (r,, =0.661, p=
0.010), indicating that pre- and post-defecation rectal mea-
surements were comparable. Because we collected more mea-
surements post-defecation, we limited comparisons of rectal
and fecal temperature to post-defecation rectal measurements.

Chimpanzee fecal temperature measurements
Measurements of chimpanzee fecal temperature were collect-

ed by JDN or a Ngogo Chimpanzee Project field assistant
between February 2016 and April 2017. To ensure that the
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fecal deposit was large enough, we limited our sample to
adults. Furthermore, we only measured full deposits left when
the defecator was seated on the ground to avoid the dissipation
of heat that may occur when feces fall from great heights and
disperse. As a result, we measured deposits after an individual
had been engaging in stationary behavior (e.g., resting,
grooming). Only soft deposits with ample fecal matrix were
measured. Small or diarrheal deposits, exceptionally dry de-
posits, and deposits composed mostly of seeds were not mea-
sured. In this regard, chimpanzee fecal deposits were compa-
rable to those of the humans. We collected 101 fecal temper-
atures (males: N =80; females: N=21) from 43 individuals
(males: N=28; females: N=15). We measured 37 fecal tem-
peratures from males when sexually receptive females were
absent (i.e., were not in association with the sampled individ-
uals) and 41 temperatures from males when sexually receptive
females were present in the party. Females were considered
sexually receptive if they exhibited full sexual swellings and
were observed copulating with adult males on the day the
measurement was taken, or on an adjacent day.

Observational data collection

To assess dominance rank and mating environment, observa-
tional data were collected between January 2016 and
July 2017 as per routine Ngogo Chimpanzee Project protocol.
During focal animal follows (Altmann 1974), observers re-
corded all chimpanzees present in the party (i.e., <50 m of
the focal) at 15-min intervals. Observers also recorded the
presence of sexually receptive females, as well as all copula-
tions, pant-grunts—i.e., unidirectional vocalizations given by
subordinant to dominant individuals (Goodall 1986)—and
acts of aggression, noting both the aggressor(s) and recipi-
ent(s). Aggression included charges, chases, and physical at-
tacks directed at a conspecific. We collected a total of 20,450
scans of party composition, 751 copulations, and 939 acts of
aggression by adult males.

Calculation of male dominance rank

During the study period, males organized into two subsets or
“neighborhoods” (i.e., Central and West) that rarely
interacted. Therefore, a dominance hierarchy was calculated
for each neighborhood. Individuals were assigned to only one
neighborhood. Ordinal dominance ranks were calculated in
SOCPROG (Whitehead 2009) using pant grunts (N = 580)
and decided dyadic agonistic encounters (N=354) in which
one individual submitted to the aggression of another. We first
determined if each dominance hierarchy was significantly lin-
ear by comparing Landau’s index of linearity (H') generated
from observed dominance interactions to an index calculated
from 10,000 random matrix permutations. Both the Central
and West hierarchies were significantly linear (Central:
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p<0.001; West: p=0.035). We then applied the I & SI meth-
od of linear ordering (de Vries 1998), which minimizes incon-
sistencies in a linear sequence when data for every dyadic
relationship are not available. For the central neighborhood,
two equally likely dominance hierarchies were generated in
which the dominance scores of three low-ranking individuals
differed; these individuals were assigned new dominance
scores based on the averages of their values from the two
calculated hierarchies. To adjust for differences in the size of
the two dominance hierarchies, dominance scores were nor-
malized by subtracting the ordinal rank from the total number
of adult males and dividing this value by one less than the total
number of adult males; thus, the highest ranking male had a
value of one, and the lowest had a value of zero (Muller et al.
2006).

Statistical analyses

All statistical analyses were completed in R version 3.5.1 (R
Core Team 2013) using RStudio version 1.1.463 (RStudio
Team 2015). To validate our method in paired human rectal
and fecal measurements, we calculated repeated-measures
correlation coefficients using the “rmcorr” function in pack-
age rmcorr version 0.3.0 (Bakdash and Marusich 2017). To
assess predictors of chimpanzee fecal temperature, we con-
structed linear mixed models (LMMs) with Gaussian error
structures and fitted with restricted maximum likelihood using
the “Ilmer” function in package /me4 version 1.1.20 (Bates
et al. 2015). We considered a Gaussian error structure appro-
priate, as we assessed normality of residuals with Shapiro-
Wilk tests (Shapiro and Wilk 1965) using the “shapiro.test”
function, Jarque-Bera tests of skewness and kurtosis (Jarque
and Bera 1980, 1987) using the “jarque.bera.test” function in
package tseries version 0.10.46 (Trapletti and Hornik 2015),
and inspection of Q-Q plots (Wilk and Gnanadesikan 1968).
We observed no significant deviance from normality.

In model 1, we analyzed samples from both males and
females; we included age, sex, time of day, and ambient tem-
perature as fixed effects. In model 2, we assessed social pre-
dictors of fecal temperature in males; we included the pres-
ence of sexually receptive females in the party, dominance
rank, and time of day as fixed effects. To improve model
accuracy, we also included the significant predictors from
model 1 as additional fixed effects. In both models, to control
for large-scale temporal variation in thermoregulation (Aujard
and Vasseur 2001; Wessling et al. 2018a), we included the sine
and cosine of the Julian date (divided by 365.25 and multi-
plied by 27) as additional fixed effects per Stolwijk et al.
(1999). To control for multiple sampling of individuals, we
included the identity of individual chimpanzees as a random
effect, with time of day included as a random slope to keep the
probability of type I error at the nominal 5% (Barr et al. 2013).
Age and ambient temperature were originally included as
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random slopes in the first LMM; however, they explained
relatively little variance (age =0.006253; ambient tempera-
ture < 0.000001) and thus prevented model convergence.
They were therefore not included as random slopes in the final
model. Similarly, in the second LMM, the mating variable
prevented model convergence and was therefore not included
as a random slope in the final model.

To produce comparable estimates for each fixed effect, we
Z-transformed continuous fixed effects (except Julian date) to
a mean of 0 and a standard deviation of 1. We used
Satterthwaite approximations in package /merTest version
3.0.1 (Kuznetsova et al. 2017) to estimate degrees of freedom
and probability values, as this method produces low type I
error rates (Luke 2017). We also examined collinearity by
checking variance inflation factors (VIFs), using the “vif”
function in the package car version 3.0.2 (Fox and Weisberg
2011). Multicollinearity in relatively small datasets is often
acknowledged when VIFs are >2.5 (Johnston et al. 2018);
all VIFs in our models were < 2.

Data availability

The datasets analyzed during the current study are available
from the corresponding author on reasonable request.

Results
Human validation

Human rectal temperature (mean + SD 36.46 +0.43) and fecal
temperature (mean + SD 36.38 + 0.36) were significantly cor-
related (r,,=0.751, p <0.001) (Fig. 1). The mean difference
between paired rectal and fecal temperatures was 0.21 °C (SD
+0.22 °C). In 12 of 18 measurements, the fecal measurement
differed from the rectal measurement by <0.20 °C.

Chimpanzee fecal temperature

The mean fecal temperature of chimpanzees was 35.8 + 1.0 °C
(range 33.4 °C to 38.9 °C). Results of the LMM assessing
demographic and ambient predictors of fecal temperature
(n =87 measurements) are listed in Table 1. Males and fe-
males exhibited comparable temperatures (Fig. 2a), and adults
did not vary in temperature based on age (Fig. 2b). In addition,
temperature of fecal deposits did not vary with ambient tem-
perature (Fig. 2c) but significantly increased with time of day
(Fig. 2d). Furthermore, fecal temperature varied with time of
year (Table 1).

To assess which environmental variables may drive
temporal variation, we conducted a post hoc analysis on
a reduced subset of the male samples (n=76) for which
corresponding data were available for daily rainfall,

Fecal Temperature (°C)
36.00 36.25 36.50 36.75 37.00 37.25

36.00 3625 3650 36.75 37.00 37.25
Rectal Temperature (°C)
Fig. 1 Human fecal temperature as a function of rectal temperature.

Shading around the regression line represents the 95% confidence
interval

minimum temperature, and maximum temperature. We
found positive effects of rainfall (estimate =0.389, SE =
0.106, df=2.974, p=0.036) and minimum temperature
(estimate = 0.527, SE=0.118, df=17.300, p <0.001), but
not maximum temperature (estimate=—0.067, SE =
0.010, df=55.273, p=0.505). A second post hoc analysis
with the full dataset, in which we included month as a
fixed effect (using January as the reference month), indi-
cated that samples were hotter when collected in May
(estimate=1.913, SE=0.453, df=64.414, p<0.001) and
November (estimate = 1.328, SE=0.583, df=48.242, p=
0.027) and colder when collected in September (esti-
mate =—1.356, SE=0.424, df=61.469, p=0.002) and
October (estimate =—1.188, SE=0.492, df=43.176, p=
0.020).

Table1  Predictors of adult chimpanzee fecal temperature. (SE standard
error; df degrees of freedom derived from Satterthwaite approximations;
italics denote significance)

Term Estimate SE df t p
Intercept 35.721 0.270

Sex —0.252 0297 24397 -—0.847 0405
Age 0.061  0.122 20.343 0.496  0.625
Time of day 0.386  0.146 23.537 2.638 0.015
Ambient temperature 0.002  0.128 58.232 0.019 0985
Sine (date) 0412 0152 59.179 2711 0.009
Cosine (date) 0.066 0200 79.211 0332  0.741
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Fig. 2 Chimpanzee fecal
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Table 2 Predictors of adult male chimpanzee fecal temperature. (SE w °
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3
Term Estimate  SE df t p P
3 - °
™ ]
Intercept 35.093 0.139
Mating female 0.884 0215 63.353 4.114 <0.001 ¢
Dominance rank  0.241 0104 11.186  2.308 0.041 No Yes
Time of day 0.223 0.155 14909 1438 0.171 Mating Female Present?
Sine (Julian date) 0.393 0.133  56.065  2.948  0.005 Fig.3 Male chimpanzee fecal temperature in the presence and absence of
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To further explore dominance and mating-related tempera-
ture variation, we performed post hoc analyses of copulation
and aggression rates as predictors of male fecal temperature.
Because fecal temperatures were mainly collected from indi-
viduals ad libitum rather than from individuals during focal
follows, we lacked the data necessary to test the relationship
between variation in fecal temperature and variation in
aggression/copulation at or around the time of fecal sample
collection. Instead, we examined the relationship between fe-
cal temperature and long-term individual aggression and cop-
ulation rates, as calculated over the entire 1-year duration of
the study period. Individual copulation rates were calculated
as the number of observed copulations divided by the number
of party scans in which the male appeared with a female
displaying a full sexual swelling. Similarly, individual aggres-
sion rates were calculated as the number of observed aggres-
sion acts divided by the number of party scans in which that
individual appeared during the study period. Although domi-
nance rank was positively correlated with both overall copu-
lation rate (r;=0.597, n=34, p=0.001) and aggression rate
(rs;=0.671,n=34, p<0.001), overall rates of copulation and
aggression were not significantly correlated (r;=0.301, n=
34, p=0.136). A LMM including dominance rank as well as
overall copulation and aggression rates indicated potential
multicollinearity (VIF for dominance rank =2.706); we ran
the model again after excluding dominance rank. Fecal tem-
perature was higher in the presence of sexually receptive fe-
males (estimate = 0.686, SE=0.207, df=59.992, p=0.002)
and increased with individual rate of copulation (estimate =
0.316, SE=0.109, df=18.322, p = 0.010), but not aggression
(estimate =—0.015, SE=0.114, df=14.039, p=0.896)
(Fig. 4).

36.0 36.5 37.0 375

Fecal Temperature (°C)

35.5

35.0

0.010 0.015 0.020

Copulation Rate

0.025

Fig. 4 Male chimpanzee fecal temperature as a function of a overall
copulation rate and b overall aggression rate. Rates were calculated as
the number of scan samples in which a both the sampled individual and a
sexually receptive female were present and b the sampled individual was
present. Shading around regression lines represents 95% confidence

Discussion

Results of our validation using two humans indicate that our
simplification of Jensen et al. (2009)‘s method was effective.
The mean difference between paired fecal and rectal temper-
ature measurements observed in this study (0.21 °C) was ap-
proximately as small as the mean difference between paired
subcutaneous transponder and rectal temperature measure-
ments reported in previous studies of other mammalian spe-
cies (e.g., 0.20 °C, Torrao et al. 2011; 0.90 °C, Wacker et al.
2012). Therefore, our results indicate that maximum fecal
temperature is an effective proxy for rectal body temperature
in humans and is an appropriate proxy in other large-bodied
mammals, including adult chimpanzees. To confirm this
method’s reliability and validity, we recommend our study
be replicated with a larger sample size.

Demographic and ecological predictors
of chimpanzee fecal temperature

In apparently healthy chimpanzees at Ngogo, fecal tempera-
tures ranged from 33.4 to 38.9 °C, which are comparable to
measurements reported in previous studies of chimpanzees
(Table 3). Our mean temperature was 1.4 °C lower than fecal
temperatures reported for chimpanzees at Tai (Jensen et al.
2009) and rectal temperatures at the Philadelphia Zoological
Garden (Fox 1923; Morrison 1962). Notably, we derived near-
ly equivalent average values from the tympanic temperature of
captive chimpanzees at the Yerkes Primate Center (Fowler
et al. 1999) and rectal temperatures from the Animal
Advocacy and Protection Sanctuary (Melis et al. 2012), de-
rived from studies with substantial sample sizes (Table 3). The

(b)

Fecal Temperature (°C)
36.0 36.5 37.0 375
L]

35.5
L]

35.0

0.005 0.010 0.015

Aggression Rate

0020  0.025

intervals. Each point represents an individual’s mean fecal temperature;
note that correlation estimates and significance values were calculated
from linear mixed models controlling for the presence of sexually
receptive females, collection time, and collection date
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Table 3  Comparison of chimpanzee body temperature measurements from six different studies

Study population Measurement Sample size Range (°C) Mean (°C) Reference

Kibale National Park (Ngogo) Fecal 43 33.4-38.9 358 This study

Tai Forest Fecal 16 34.6-39.5 37.2 Jensen et al. (2009)
Animal Advocacy and Protection Sanctuary® Rectal 21 32.1-37.6 359 Melis et al. (2012)
Philadelphia Zoological Garden Rectal 1 36.1-37.7 37.2 Fox (1923)
Philadelphia Zoological Garden® Rectal 8 36.4-38.1 37.2 Morrison (1962)
Yerkes Primate Center Tympanic 8 34.0-37.4 35.7 Fowler et al. (1999)

# Chimpanzees in this study were anesthetized with detomidine and ketamine and were previously infected with either hepatitis C or human immuno-

deficiency virus

°Raw data are not available. Temperature range represents the average minimum and maximum values for the entire sample

results of some previous studies in captive populations, how-
ever, are potentially confounded by experimental pathogenic
infection (Morrison 1962) or the use of anesthetics that may
artificially reduce body temperature (Melis et al. 2012).
Consequently, we cannot draw definitive conclusions about
normal chimpanzee body temperatures given the relative pau-
city of comparative data from unimpaired great apes, whether
free-living or captive. More data are needed (1) from appar-
ently healthy study populations, and (2) that are collected in
ways that do not artificially modify results.

Chimpanzee fecal temperatures in our study exhibited a
somewhat wider range than that of normal rectal temperature
in humans, which is 34.4 to 37.8 °C (Sund-Levander et al.
2002). However, some primates are known to have wide
ranges in body temperature. For instance, chacma baboons
(Papio ursinus) living in the Namib desert reach maximum
core temperatures of more than 42 °C (Brain and Mitchell
1999). Similarly, Thompson et al. (2014) report that subcuta-
neous body temperatures of howler monkeys (Alouatta
palliata) in Belize range from 30.97 to 42.64 °C. Therefore,
compared with humans, the normal body temperatures of non-
human primates may be more variable.

Fecal temperature did not vary by age or sex, but we found
a positive correlation with time of day. This relationship ac-
cords with previously observed circadian patterns in humans
(Mackowiak et al. 1992) and captive chimpanzees (Fowler
et al. 1999), such that body temperature peaks in the late
afternoon or evening. However, in the males-only model, in
which we included mating environment and dominance rank,
there was no longer a significant correlation with time of day.
Therefore, the relationship we observed between time of day
and temperature may reflect a complex interaction of physio-
logical and behavioral rhythms. Further data are necessary to
disentangle the relative contributions of these factors to chim-
panzee body temperature.

Fecal temperature also varied by time of year. Post hoc
analyses indicated that daily values for rainfall and minimum
temperature were positively correlated with fecal temperature.
Furthermore, samples collected in May and November were

@ Springer

hotter, and samples collected in September and October were
colder than average. September and October constitute ap-
proximately the middle of the second rainy season in Kibale,
while May and November represent the start of the two dry
seasons (Hartter et al. 2012). However, ambient temperature at
time of sample collection did not appear to influence fecal
temperature. This is somewhat surprising. Positive correla-
tions between body temperature and environmental tempera-
ture have been observed in other species, for instance, in bush
rats (Rattus fuscipes) (Glanville and Seebacher 2010) and
round-tailed ground squirrels (Spermophilus tereticaudus)
(Wooden and Walsberg 2002). Yet, short-term (e.g., hourly)
ambient conditions may be poor predictors of fecal tempera-
ture in wild chimpanzees. Furthermore, monthly variation
may reflect variation in locomotor activity, which in llamas
(Lama glama), for instance, is correlated with body tempera-
ture (Riek et al. 2017).

Although ambient temperature and precipitation fluctuate
substantially with season, so too do other critical variables
such as food availability, which may affect metabolic rate
and body temperature. For instance, in golden spiny mice
(Acomys russatus), dietary supplementation increases body
temperature (Levy et al. 2011), while caloric restriction re-
duces body temperature in a variety of mammals (Duffy
et al. 1990; Lane et al. 1996; Rikke and Johnson 2004), in-
cluding humans (Soare et al. 2011). In addition, differences in
dietary composition may alter gut microfloral activity
(Rowland et al. 1985) and thereby increase the temperature
of feces. These dynamics require further attention.

The fact that ambient temperature did not predict variation
in chimpanzee fecal temperature at Ngogo may indicate that
chimpanzees are thermoregulating efficiently. Although am-
bient temperature varied, it was not at the extremes found in
other habitats. For instance, chimpanzees living in hot, arid
savannas at Fongoli, Senegal, exhibit signs of heat stress
(Wessling et al. 2018b), including higher cortisol levels than
chimpanzees in the rainforests of Tai National Park (Wessling
et al. 2018a). Cave use, which is exceedingly rare in wild
chimpanzees, has been documented at Fongoli, presumably
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as a way to combat heat stress (Pruetz 2007). Measurements of
body temperature in savanna chimpanzees will help assess the
effectiveness of their behavioral thermoregulation and how
they cope with such extreme heat.

Male mating effort and fecal temperature

Importantly, our method captured variation in chimpanzee
body temperature pertaining to mating effort. Male chimpan-
zees exhibited higher fecal temperatures in the presence of
reproductively receptive females, and high-ranking males ex-
hibited higher fecal temperatures than low-ranking males. In
our study, fecal temperature measurements could not be
matched to corresponding short-term copulation or aggression
rates. Nevertheless, post hoc analyses indicated that male
chimpanzees with higher long-term copulation rates, but not
those with higher long-term aggression rates, exhibited higher
fecal temperature. In chimpanzees, sexual arousability—
calculated from penile erection time and mean erection
length—is correlated with copulation frequency (Nadler and
Bartlett 1997). Therefore, the elevated temperature exhibited
by males in the presence of receptive females may be due to
both copulatory behavior specifically and sexual arousal more
generally. Although male aggression rates are higher in the
presence of preferred female mating partners (Muller and
Wrangham 2004a; Sobolewski et al. 2013), increased physical
activity is likely inadequate to explain increased fecal temper-
ature, given that we did not observe a correlation with overall
aggression rates. Furthermore, as overall copulation rates were
correlated with dominance rank, we suggest the relationship
observed between dominance rank and fecal temperature was
due to sexual behavior rather than physical aggression.

Although temperature changes throughout the body are
well-recognized components of sexual physiology
(Kukkonen et al. 2007; Merla and Romani 2007; Kiyatkin
2010), the detectible increase in male chimpanzee fecal tem-
perature in the presence of sexually receptive females and the
correlation with overall copulation rates suggest that sexual
behavior imposes non-trivial metabolic costs. Similar patterns
have been observed in rams (Ovis aries): Ungerfeld and Fila
(2012) reported an increase in rectal temperature with the on-
set of sexual behavior, while Godftrey et al. (1998) observed
that the number of mounts was positively correlated with rec-
tal temperature. Studies of skin temperature and oxygen con-
sumption similarly indicate that sexual behavior is energeti-
cally costly. For example, in healthy heterosexual men, sexual
activity yields an energy expenditure approximating 10 min of
moderate endurance running (Frappier et al. 2013), and in
male millipedes (Alloporus uncinatus), copulations raise en-
ergy expenditure by 30% of basal levels (Telford and Webb
1998). We therefore suggest the energetic expenses of sexual
physiology and behavior require more consideration in the
study of mating strategies and life history trade-offs.

However, we cannot discount other behavioral factors.
Overall increases in activity during periods of mating activity
may contribute to increased body temperature, as observed,
for instance, in Macleay’s marsupial mice (Kortner and Geiser
1995). Non-sexual social stimuli may also cause mating-based
differences in male chimpanzee fecal temperature. In captivi-
ty, chimpanzees shown videos of severe aggression exhibited
increased right tympanic membrane temperature (Parr and
Hopkins 2000). Similarly, wild chimpanzees in the Budongo
Forest Reserve, Uganda, exhibited increased ear temperatures
after hearing aggressive vocalizations and decreased ear tem-
peratures after hearing non-aggressive vocalizations (e.g.,
whimpers) from conspecifics (Dezecache et al. 2017b).
Further research is necessary to distinguish the effects of so-
cial and sexual arousal from those of mating behavior itself.

While the higher temperature of high-ranking males
likely reflects sexual behavior, it may be due to other fac-
tors such as body size and mass. In various mammalian
species, body size and mass predict dominance rank
(Haley et al. 1994; McElligott et al. 2001; Huang et al.
2011; Chelliah and Sukumar 2013). Muscle mass, in par-
ticular, predicts physical competitiveness (Mitani et al.
1996; Lassek and Gaulin 2009). While overall body mass
predicts body temperature in humans (Bastardot et al.
2019), muscle tissue is especially thermogenic (Rowland
etal. 2015; Payne et al. 2018). Therefore, variation in fecal
temperature in adult male chimpanzees may also be due, in
part, to variation in lean muscle mass. Yet, we did not find
a significant difference in male and female fecal tempera-
tures. Given that males likely have greater muscle mass on
average than females, as has been reported in humans
(Janssen et al. 2000) and bonobos, P. paniscus (Zihlman
and Bolter 2015), the absence of a sex difference in our
study suggests the thermogenic effects of lean muscle are
mitigated by other thermoregulatory processes.
Regardless, inter-individual variation in wild chimpanzee
muscle mass has yet to be explored (Watts 2018) and may
have informed our results.

In conclusion, we found that fecal temperature is an easy
and effective method for inferring body temperature in adult
chimpanzees and could be applied to other species when in-
vasive methods are inappropriate or cost prohibitive.
Although we found the method accurate for a human-sized
fecal deposit, caution should be exercised when measuring
fecal temperature in smaller bodied primates, as heat
retention—and the subsequent correlation between fecal and
rectal temperatures—may be lower for smaller fecal deposits.
Further study is required to determine if fecal temperature is
similarly reliable in smaller animals with correspondingly
smaller fecal deposits. Given that body temperature is a key
variable in many aspects of reproductive ecology, energetics,
and health, we consider fecal temperature an important meth-
od in animal field studies.
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