Journal of Thermal Biology 63 (2017) 49–57

Contents lists available at ScienceDirect

Journal of Thermal Biology
journal homepage: www.elsevier.com/locate/jtherbio

An assessment of skin temperature gradients in a tropical primate using
infrared thermography and subcutaneous implants

crossmark

⁎

Cynthia L. Thompsona, , Caleb Scheidela, Kenneth E. Glanderb, Susan H. Williamsc,
Christopher J. Vinyardd
a

Department of Biomedical Sciences, Grand Valley State University, 1 N Campus Drive, Allendale, MI 49401, USA
Department of Evolutionary Anthropology, Duke University, 104 Biological Sciences Building, Durham, NC 90383, USA
c
Department of Biomedical Sciences, Ohio University Heritage College of Osteopathic Medicine, 228 Irvine Hall, Athens, OH 45701, USA
d
Department of Anatomy and Neurobiology, Northeast Ohio Medical University, 4209 State Route 44, Rootstown, OH 44272, USA
b

A R T I C L E I N F O

A BS T RAC T

Keywords:
Subcutaneous temperature
Thermoregulation
Core-shell model
Heat loss
Howling monkey
Thermal windows

Infrared thermography has become a useful tool to assess surface temperatures of animals for thermoregulatory
research. However, surface temperatures are an endpoint along the body's core-shell temperature gradient. Skin
and fur are the peripheral tissues most exposed to ambient thermal conditions and are known to serve as
thermosensors that initiate thermoregulatory responses. Yet relatively little is known about how surface
temperatures of wild mammals measured by infrared thermography relate to subcutaneous temperatures.
Moreover, this relationship may diﬀer with the degree that fur covers the body. To assess the relationship
between temperatures and temperature gradients in peripheral tissues between furred and bare areas, we
collected data from wild mantled howling monkeys (Alouatta palliata) in Costa Rica. We used infrared
thermography to measure surface temperatures of the furred dorsum and bare facial areas of the body, recorded
concurrent subcutaneous temperatures in the dorsum, and measured ambient thermal conditions via a weather
station. Temperature gradients through cutaneous tissues (subcutaneous-surface temperature) and surface
temperature gradients (surface-ambient temperature) were calculated. Our results indicate that there are
diﬀerences in temperatures and temperature gradients in furred versus bare areas of mantled howlers. Under
natural thermal conditions experienced by wild animals, the bare facial areas were warmer than temperatures in
the furred dorsum, and cutaneous temperature gradients in the face were more variable than the dorsum,
consistent with these bare areas acting as thermal windows. Cutaneous temperature gradients in the dorsum
were more closely linked to subcutaneous temperatures, while facial temperature gradients were more heavily
inﬂuenced by ambient conditions. These ﬁndings indicate that despite the insulative properties of fur, for
mantled howling monkeys surface temperatures of furred areas still demonstrate a relationship with
subcutaneous temperatures. Given that most mammals possess dense fur, this provides insight for using
infrared imaging in thermoregulatory studies of wild animals lacking bare skin.

1. Introduction
Body temperature is a fundamental aspect of animal thermoregulation that relates to a broad range of physiological and behavioral
variables such as energetic expenditure, metabolic rate, patterns of
food consumption, activity patterns, and social behavior (e.g.,
Agetsuma, 1995; Hanya, 2004; Kuraoka and Nakamura, 2011;
Terrien et al., 2011; Nowack et al., 2013). Infrared thermal imaging
has become an important technique in thermoregulatory research due
to its ability to non-invasively assess surface temperatures of skin. This
has opened new avenues of research, particularly in cases where

⁎

invasive techniques of temperature measurement (e.g., implanted
sensors, thermocouples, rectal or tympanic thermometers) are unfeasible or undesirable, such as when animal capture is diﬃcult or can
result in stress or injury (Wilson and McMahon, 2006; Cattet et al.,
2008; Cunningham et al., 2015; McCaﬀerty et al., 2015). Accordingly,
infrared imaging has now been used in a variety of applications from
research on thermoregulatory physiology to veterinary medicine
(McCaﬀerty, 2007; Tattersall and Cadena, 2010; Cilulko et al., 2013).
While a large body of knowledge has been generated with this
technique (reviewed in McCaﬀerty, 2007; Tattersall and Cadena,
2010; McCaﬀerty et al., 2011, 2015; Cilulko et al., 2013), there are
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taken as indicative of vasomotion (e.g., Pergola et al., 1994; Cheng
et al., 1995), furred skin lacks the same vasculature structure as bare
skin and hence has diﬀerent thermal proﬁles, with the temperature of
bare skin varying more widely than furred skin (Krogstad et al., 1995;
Romanovsky, 2014). Varying ambient temperatures will also inﬂuence
surface temperatures, and the relationships between subcutaneous and
surface temperatures in bare versus furred areas are not well established. Knowledge of subcutaneous measurements will allow us to
quantify temperature changes through the cutaneous layer (skin and
fur), and would supplement information on surface temperatures,
which have more frequently been examined with infrared thermal
imaging (e.g., Tattersall et al., 2009; McCaﬀerty et al., 2011), albeit
mostly for captive animals in laboratory settings (Jauchem et al.,
2016).
We assessed the relationships between subcutaneous temperatures,
surface temperatures from infrared images, and ambient thermal
conditions for wild mantled howling monkeys (Alouatta palliata) in
Costa Rica. Mantled howlers are relatively large-bodied (males:
mean=5.79 kg; females: mean=4.73 kg: Glander, 2006) Neotropical
primates that are densely furred across most of their body, but with less
fur on their ventral surface and little to no fur on their face (similar to
bare areas of human faces: Fig. 1a; Supplemental material S1). Howlers
have no known traits indicative of thermal specialization (e.g., carotid
rete, torpor, etc.) beyond generalized mammalian thermoregulatory
mechanisms, but have been shown to experience both warm and cold
thermal pressures in their natural environment (Thompson et al.,
2014). We examined temperatures of peripheral tissues of the furred
dorsum and bare facial areas of howling monkeys to characterize
temperatures and temperature changes through peripheral tissues.
Speciﬁcally, we assessed: 1) the inﬂuence of subcutaneous and ambient
temperatures on surface temperatures in furred and bare areas, and 2)
diﬀerences in cutaneous and surface temperature gradients across the
furred dorsum and bare facial areas of the body. If the bare face serves
as a thermal window facilitating heat loss, surface temperatures should
be higher, with greater variation in temperature changes due to
continuous vasomotion, although variation should decrease at temperature extremes (i.e., outside of the thermoneutral zone) as animals
more consistently vasoconstrict to limit blood ﬂow and heat loss at
cooler temperatures, and vasodilate to promote heat loss under warm
temperatures (Tattersall et al., 2009; Romanovsky, 2014). Lastly, we
assessed 3) how peripheral temperature gradients (from the skin
surface and through the cutaneous layer) are inﬂuenced by weather
variables other than temperature (i.e., wind, humidity, solar radiation)
which are known to impact thermoregulatory processes of free-ranging
mammals (Hill et al., 2004). We addressed these questions with the
ultimate aim of improving our interpretations of infrared thermography data from wild mammals.

still gaps in our knowledge of how surface temperatures measured
through thermal imaging relate to internal temperature, heat loss, and
thermoregulation. These gaps are particularly evident in wild animals
(but see Briscoe et al., 2014), especially given evidence that thermoregulatory patterns can diﬀer between the wild and captivity (Geiser
et al., 1990; Larcombe and Withers, 2007; Warnecke et al., 2007; Nord
et al., 2009). Wild animals are subject to a range of thermal conditions
which are not suitably replicated in captivity (Øritsland and Ronald,
1973). The non-invasiveness of infrared imaging makes it a particularly
apt method to address questions of thermoregulation in animals’
natural, ecologically- and evolutionarily-relevant environments.
While surface temperatures can provide a reliable proxy for core
body temperatures in small ( < 2 kg) mammals (Audet and Thomas,
1996; Dausmann, 2005), these two temperature measurements are not
always analogous for larger mammals (Jay et al., 2007; Larcombe,
2007; Sikoski et al., 2007; McCaﬀerty et al., 2015, but see Giloh et al.,
2012). This is generally attributed to the well accepted core-shell
model, in which temperatures gradually change from the body's core
out toward peripheral tissues (Aschoﬀ and Wever, 1958; Romanovsky,
2007, 2014; Taylor et al., 2014). Peripheral areas of the body, in
particular the skin, will be more heavily inﬂuenced by ambient thermal
conditions, as this is where heat is exchanged with the environment. As
such, warm ambient conditions can lead to elevated peripheral
temperatures relative to core, while cool ambient conditions can lead
to lower temperatures in peripheral tissues relative to core. Further, it
is known that peripheral tissues act as thermosensors, with temperature changes at these locations triggering both autonomic and behavioral thermoregulatory responses (Roberts, 1988; Bratincsák and
Palkovits, 2005; Romanovsky, 2014). These responses act to keep core
body temperature stable. A range of thermoregulatory responses have
been empirically linked to peripheral tissue temperatures, including
vasomotion, shivering, and thyroid hormone variation, as well as
perceived thermal environment (Cheng et al., 1995; Bulcao et al.,
2000; Giloh et al., 2012). Peripheral tissue temperatures have thus
been an informative tool for researchers investigating thermoregulation. As such, while peripheral tissue temperatures are not necessarily
representative of core temperatures in larger mammals, these temperatures are independently informative and play a well-demonstrated
role as a signal initiating thermoregulatory responses.
Several studies have looked at surface skin temperatures through
infrared thermography (e.g., Mauck et al., 2003; Tattersall et al., 2009;
Reichard et al., 2010; Weissenböck et al., 2010). Likewise, measuring
core body temperatures is a hallmark of thermoregulatory studies (e.g.,
Togawa, 1985; Reﬁnetti, 2010) and have been recorded for some wild
mammals (e.g., Brain and Mitchell, 1999; Mzilikazi and Lovegrove,
2004; Mzilikazi et al., 2006; Lubbe et al., 2014). Yet relatively little
work has examined subcutaneous temperatures in relation to this coreshell temperature gradient (Taylor et al., 2014; but see Sealander,
1953; Webb, 1992). Similarly, measurements of subcutaneous (or
other internal) temperatures have only rarely been collected simultaneously with surface temperatures for wild animals (McCaﬀerty, 2007;
McCaﬀerty et al., 2011, but see Dausmann, 2005). Since a primary
advantage of infrared imaging is the ability to non-invasively gather
surface temperatures on wild animals, understanding how temperature
changes through the skin in a natural environment can provide insight
into thermoregulatory strategies.
For mammals, infrared imaging of surface temperatures is complicated by the fact that the skin may contain areas both with and without
fur, as well as substantial variation in hair density and length. Since fur
can impact heat transfer both to and away from the body, this variation
can inﬂuence heat loss (Scholander et al., 1950) and lead to the
presence of thermal windows, which are areas of the body that are
relatively more active in modulating heat transfer (Mauck et al., 2003;
Tattersall et al., 2009; Reichard et al., 2010; Weissenböck et al., 2010).
Body regions with little or no fur could be acting as thermal windows
for mammals. While the surface temperature of skin has often been

2. Methods
2.1. Data collection
We collected data on mantled howling monkeys at La Paciﬁca, a
private 1,980 ha ranch in Guanacaste Province, Costa Rica (10°28′N,
85°07′W). La Paciﬁca is a lowland tropical dry forest that is seasonally
deciduous and mostly secondary growth. Mantled howlers at La
Paciﬁca inhabit both riparian forests and seasonally dry, non-river
forest patches (Glander and Nisbett, 1996). Based on weather monitoring from 1971 to 2006, daily temperatures during the dry season
(November-April) range from 22.5 to 34.1 °C (mean=28.1 °C) with
42% average relative humidity. Wet season (May–October) temperatures range from 21.8 to 33.8 °C (mean=26.1 °C) with 94% average
relative humidity (in this study, data were only collected in the wet
season). Mean annual precipitation is 1,368 mm with heavy rains
occurring during the wet season and little precipitation during the dry
season (Daubenmire, 1972; Glander, unpublished data).
50
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apparent temperature was measured following commonplace methods
in thermography (Usamentiaga et al., 2014) by taking temperature
readings of a crumpled and reﬂattened piece of aluminium foil within
the image's ﬁeld of view. Emissivity was set at 0.98, the value for
mammalian skin and fur (Steketee, 1973). Distance to the animal was
estimated by observers and manually entered into the camera prior to
imaging. We gathered 113 images from three animals (animal 1: n=74,
2: n=35, 3: n=4). A one-way ANOVA did not reveal signiﬁcant
diﬀerences in surface temperatures among individuals (F=0.87,
P=0.42). A post-hoc power analysis revealed that our sample, with
56.0% power (β=0.44), could detect large and medium, but not small,
eﬀect sizes (sensu Cohen, 1992). As such, we controlled for individual
eﬀects in subsequent analyses. From these images we measured
temperature of the bare facial area (n=32), the heavily-furred dorsum
and lateral side of the trunk (hereafter, dorsum) (n=86), and the less
densely furred ventrum (n=7). Since infrared cameras measure the
surface temperatures of objects, measurements on furred areas represent temperatures on the surface of the fur. A previous study with
captive primates did not ﬁnd a signiﬁcant inﬂuence of respiration on
measurements of facial skin temperature taken with infrared imaging
(Nakayama et al., 2005). Given the low sample size of ventrum
measurements, these data were not formally analyzed. However, since
the ventrum represents an intermediate condition between bare and
densely furred areas (Supplemental material S1), we have provided
summary statistics on this area for qualitative comparison.
Subcutaneous temperatures of animals were recorded by implanting a sterilized iButton (Maxim Integrated Products; 17 mm×6 mm;
3.3 g) between the scapulae while animals were under general anaesthesia (Lovegrove, 2009; Thompson et al., 2014). Loggers were
calibrated by the manufacture as accurate to ± 0.5 °C and postproduction between-logger precision has been reported to be ±
0.4 °C (Johnson et al., 2005). Testing of our own loggers after data
collection revealed a mean pairwise diﬀerence between loggers (placed
in the same location) of 0.02 °C (SD=0.68; n=129 measurements from
three loggers at ambient temperatures between 20.3–34.3 °C).
Implanted loggers were placed deep to the hypodermis and superﬁcial
to muscle tissue. Subcutaneous temperature loggers were implanted
during an initial capture and extracted upon recapture. We waited >
14 hr postcapture to collect subcutaneous temperature data to avoid
thermal eﬀects of tiletamine-based anaesthesia on animals (Lopez
et al., 2002). All animal procedures were approved by GVSU,
NEOMED, and Duke University IACUCs.
To measure ambient thermal conditions, we deployed an on-site
weather station (HOBO U30, Onset Computer Corporation) in a
clearing adjacent to the home range of monitored animals (i.e., within
20 m). This weather station measured ambient temperature, relative
humidity, solar radiation, and wind speed. While the station also
recorded precipitation, no thermal images overlapped with measurable
precipitation. Data from subcutaneous iButtons and the weather
station were taken at 10‐minute intervals synchronized with thermal
image collection. These three temperatures (surface, ambient, subcutaneous) collected at simultaneous 10-mintue intervals served as the
units of analysis.

Fig. 1. Pictures of mantled howling monkeys (Alouatta palliata) showing the diﬀerence
in fur coverage between face and body (a) and an infrared image (b).

Data were collected over a ten day period in the wet season (July) of
2014. Infrared thermal images (Fig. 1b) were taken at 10-minute
intervals from 8:20 to 17:00 hrs, when animals met the following
criteria for adequate imaging: 1) animals were clearly visible and not
blocked from the camera by foliage, 2) surfaces for temperature
readings were oriented directly toward the camera (to avoid eﬀects of
infrared thermography on curved surfaces: McCaﬀerty, 2007), 3) the
animal had to be suﬃciently close (99.1% of images < 15 m) to avoid
underestimation of temperature due to the eﬀects of increased distance
and reduced pixel size (Faye et al., 2016), and 4) animals were not in
direct sunlight, as solar radiation will inﬂuence temperature readings
(McCaﬀerty, 2007). The infrared camera (FLIR E60bx, FLIR Systems:
see Supplemental material S2 for further details) had on-board inputs
to account for humidity, ambient temperature, reﬂected apparent
temperature, emissivity, and distance to the animal. Humidity and
ambient temperature were measured immediately prior to imaging
with a hand-held device (WS-HT12, Ambient Weather) at researcher
height in the shade. These measurements were only input into the
infrared camera, and not used for subsequent analyses. Reﬂected

2.2. Data analysis
To assess the factors inﬂuencing surface temperatures, we conducted a multiple linear regression with subcutaneous and ambient
temperatures as factors predicting surface temperatures, for both the
dorsum and face separately. In addition to ambient temperature being
a variable of interest, this variable also accounts for the eﬀects of
temperature change throughout and among days (e.g., mornings will be
cooler) in other predictor variables. To assess the relative contribution
of these variables to explaining surface temperatures, we calculated
partial correlation coeﬃcients for these regressions (Cohen et al.,
2003). Individual eﬀects were controlled through binary dummy
51
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temperatures were positively correlated for both the dorsum (r=0.64, P
< 0.001) and face (r=0.73, P < 0.001) (Fig. 2a,b), the total variation in
surface temperatures explained by the model (R2: Table 1) cannot be
completely partitioned exclusively between these two predictor variables (i.e., the partial correlation coeﬃcient: pr2) (Cohen et al., 2003).
However, for the variance that can be independently attributed to a
speciﬁc variable, both subcutaneous and ambient temperatures accounted for unique variance in dorsum surface temperatures (18.2%
and 29.1%, respectively: Table 1) In comparison, subcutaneous temperature uniquely explained only 1.8% of variance in facial surface
temperatures, compared to 15.1% by ambient temperatures (Table 1).
Surface temperatures in the bare face were signiﬁcantly warmer than
the furred dorsum (Table 2). While variation in facial tempertures was
lower than for the dorsum, the magnitude of this diﬀerence was small
(1.5%), particularly in comparison to variation in temperature gradients (Table 2).

variables (Jaccard and Turrisi, 2003). We also compared surface
temperatures between the face and dorsum using a two-way ANOVA
with body region as a ﬁxed factor and animal as a random factor.
We calculated two measures of temperature change across the
peripheral edge of the core-shell gradient: 1) the cutaneous temperature gradient, calculated as the diﬀerence between concurrent subcutaneous and surface temperatures, to serve as a measure of
temperature change through the skin and fur (where fur was present),
and 2) the surface temperature gradient, calculated as the diﬀerence
between surface and ambient temperatures. While subcutaneous
temperatures from the sensor placed between the scapulae will not
identically reﬂect all subcutaneous temperatures in other portions of
the dorsum, ventrum, and face, it does provide an initial, practical
proxy of subcutaneous temperatures throughout the body. This placement also avoids complications with monkeys manually manipulating
the implant site (which could impact healing) and the fact that iButtons
(the smallest available automated temperature data logger: McCaﬀerty
et al., 2015) are unlikely to ﬁt in the free portion of a mantled howler's
face without impacting the orbit, nasal, or oral cavities. For reference,
variation in subcutaneous temperatures across the human body has a
standard deviation of 1 °C (Webb, 1992). This error estimate, as well as
the location of subcutaneous temperature measurement, should be
considered when interpreting this study's results.
All following analyses were conducted separately for both cutaneous and surface temperature gradients. To explore diﬀerences
between furred and bare areas, the diﬀerence in temperature gradients
between the dorsum (furred) and face (bare) was tested using a twoway ANOVA with body region as a ﬁxed factor and animal as a random
factor. To compare variation in temperature gradients, we calculated
the coeﬃcients of variation (CV), adjusted for sample size:
s
1
( mean *100)*(1 + n ), for both the face and dorsum. Diﬀerences in
temperature gradient variation between the face and dorsum were also
directly tested with a one-tailed Brown-Forsythe test for equality of
variances. To assess how temperature gradients change with ambient
temperature, we conducted linear regressions of temperature gradients
on ambient temperature for the dorsum and face separately. Eﬀects of
animal were controlled through binary dummy variables (Jaccard and
Turrisi, 2003). To assess whether variation in temperature gradients
changed with ambient temperatures, we calculated the CV of temperature gradients at 1 °C intervals of ambient temperature (all animals
pooled), then regressed these CVs on the ambient temperature for both
the face and dorsum.
We used multiple linear regression and model selection criteria to
assess the collective inﬂuence of all thermal variables measured by the
weather station (i.e., ambient temperature, relative humidity, solar
radiation, and wind speed) on surface and subcutaneous temperatures
as well as temperature gradients. Model analyses were run separately
for the face and dorsum. We used a combination of AIC, BIC, and R2
values to select optimal models. Regression slopes are reported as
standardized β. Except as indicated above, two-tailed α=0.05. All
variables in all models were entered simultaneously (i.e., not stepwise),
so the order of reported variables did not impact results. All data were
analyzed using SPSS.

3.2. Temperature gradients
Cutaneous temperature gradients were signiﬁcantly higher in the
furred dorsum than the bare face, with the ventrum showing intermediate cutaneous temperature gradients (Table 2). Surface temperature gradients were slightly higher for the face than the dorsum, but did
not signiﬁcantly diﬀer (Table 2). Ventrum surface temperature gradients were relatively high, similar to the face. There was signiﬁcantly
greater variation in cutaneous temperature gradients in the face than
dorsum (Table 2). Cutaneous temperature gradients were also high in
the ventrum, but should be considered with caution given the low
sample size. Variation in surface temperature gradients did not
signiﬁcantly diﬀer between the face and dorsum (Table 2).
For the furred dorsum, cutaneous temperature gradients decreased
as ambient temperatures increased (β=−0.58, P < 0.001, pr2=0.34),
denoting that surface and subcutaneous temperatures became more
similar at warmer ambient temperatures (Fig. 2c). The few ventrum
temperatures measured also showed a negative relationship (Fig. 2c).
However, there was not a signiﬁcant relationship between cutaneous
temperature gradients and ambient temperatures for the face
(β=−0.17, P=0.366, pr2=0.03) (Fig. 2d). Surface temperature gradients
decreased with increasing ambient temperatures for the dorsum
(β=−0.68, P < 0.001, pr2=0.46) and face (β=−0.82, P < 0.001,
pr2=0.69) (Fig. 2e,f).
Variation in cutaneous temperature gradients was related to
ambient temperature for the furred dorsum, with the CV of cutaneous
temperature gradients increasing at higher ambient temperatures
(β=0.91, P=0.001, R2=0.83) (Fig. 3a). However, there was not a
consistent relationship between the CV and ambient temperature for
the bare face (β=0.18, P=0.71, R2=0.03) (Fig. 3a). Variation in surface
temperature gradients increased with increasing ambient temperature
for the dorsum (β=0.88, P=0.002, R2=0.78) and face (β=0.92,
P=0.004, R2=0.84) (Fig. 3b).
3.3. Weather variables inﬂuencing temperature gradients
The ranges of weather variables that monkeys experienced during
infrared thermal imaging are reported in Table 3. Weather variables
other than temperature inﬂuenced surface temperatures, subcutaneous
temperatures, and temperature gradients. For cutaneous temperature
gradients in both the bare face and furred dorsum, the top regression
models included some combination of ambient temperature, relative
humidity, and solar radiation (Table 4). For the dorsum, ambient
temperature had higher magnitude (more negative) regression coeﬃcients (β), indicating greater inﬂuence on temperature gradients, and
statistically signiﬁcant eﬀects compared to other thermal variables
(Table 4). However for the face, ambient temperature had lower
regression coeﬃcients relative to other variables and was only signiﬁcant in one model (and absent in another). Instead, regression

3. Results
3.1. Surface temperatures
Surface temperatures of the furred dorsum were signiﬁcantly and
positively inﬂuenced by both ambient and subcutaneous temperatures
(Table 1; Fig. 2a). Bare facial temperatures were signiﬁcantly positively
inﬂuenced by ambient temperatures, but not subcutaneous temperatures (Table 1; Fig. 2b). Ambient and subcutaneous temperatures
explained nearly twice the amount of variation in surface temperatures
in the dorsum as the face (Table 1). Since ambient and subcutaneous
52
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Table 1
Influence of subcutaneous and ambient temperatures on the surface temperature of the face and dorsum of mantled howling monkeys, controlling for animal effects.
Body part

Dorsum
Face

Subcutaneous temperature

Total R2

Ambient temperature

β

P

pr2

β

P

0.370
0.167

< 0.001
0.483

0.182
0.018

0.501
0.494

< 0.001
0.034

pr2
0.291
0.151

0.635
0.352

β: standardized regression coeﬃcient.
P: signiﬁcance value, evaluated at α=0.05. Signiﬁcant values in bold italics.
pr2: the partial correlation coeﬃcient, or the percent of variance uniquely attributable to this variable (Cohen et al., 2003).
R2: variation explained by the full model.
Animal identity variables were all non-significant. Dorsum: pr2=0.017; Face pr2=0.045.
For all tests and variables, variance inflation factors were ≤2.38.

Fig. 2. Relationship between cutaneous and surface temperature gradients of the face and dorsum and ambient temperature for mantled howling monkeys. 1All subcutaneous
temperatures were recorded in the dorsum (see methods). Dorsum subcutaneous temperatures corresponding with the surface temperature measurements in the ventrum and face are
displayed. For comparison, preliminary measurements of core body temperature in the gastrointestinal tract of one adult male mantled howler monkey over a 28 hr period were 36.3–
38.4 °C (unpublished data).
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Table 2
Summary statistics for temperatures and temperature gradients across the densely furred dorsum, more sparsely furred ventrum, and bare facial areas of the body for mantled howling
monkeys.
Variable

Face (n=32)

Dorsum (n=86)

Face vs. dorsum comparison

Ventruma (n=7)

Surface temperature (°C: mean, ± SEM)
Cutaneous temperature gradient (Δ°C: mean, ± SEM)
Surface temperature gradient (Δ°C: mean, ± SEM)
CV surface temperature (%)c
CV cutaneous temperature gradient (%)c
CV surface temperature gradient (%)c

36.54 ± 0.22
1.54 ± 0.21
4.67 ± 0.36
3.6
78.8
44.8

35.02 ± 0.19
2.93 ± 0.14
4.09 ± 0.18
5.1
46.3
40.2

F1,114=18.22,P < 0.001b
F1,114=−25.09,P < 0.001b
F1,114=2.31, P=0.131b
F1,116=26.51,P < 0.001d
F1,116=30.24,P < 0.001d
F1,116=2.12, P=0.153d

36.29 ± 0.96
2.16 ± 0.71
4.79 ± 0.51
8.0
99.9
32.0

a
b
c
d

Due to small sample size, these data should be considered for qualitative comparison only.
Two-way ANOVA controling for
⎛ animal
⎞eﬀects;
⎛ 1 ⎞animal eﬀects were non-signiﬁcant, but accounted for 1.0–2.8% of variation in temperature variables.
s
*100⎟ * ⎜1+ ⎟.
Adjusted for sample size: CV=⎜
⎝ mean
⎠ ⎝ n⎠
Brown-Forsythe test for equality of variances.

CV Cutaneous Temperature
Gradient (%)

a

1.6
1.4
1.2
1

0.8
0.6
0.4
0.2
0

CV Surface Temperature
Gradient (%)

b

coeﬃcients, model inclusion, and signiﬁcance cumulatively indicate
that relative humidity played a more dominant role in facial cutaneous
temperature gradients (Table 4). For cutaneous temperature gradients,
regression models explained more variation for the dorsum than face
(Table 4).
For surface temperature gradients, ambient temperature was
included in the top regression models and showed a signiﬁcant
negative relationship in all models for both the face and dorsum.
Wind speed and relative humidity were included in both face and
dorsum models, but were not statistically signiﬁcant. Ambient temperature and other weather variables explained substantially more
variation in surface temperature gradients for the face than dorsum
(Table 4).
Surface temperatures in the face and dorsum were positively
inﬂuenced by ambient temperatures, with non-signiﬁcant roles of wind
speed and relative humidity in the model. In contrast, subcutaneous
temperatures were better negatively predicted by relative humidity and
solar radiation, with ambient temperature being included, but was not
statistically signiﬁcant, in only one of the models.

1.8

27 28 29 30 31 32 33 34 35

0.8

0.6

4. Discussion
4.1. Thermal proﬁles of peripheral tissues

0.4
We found signiﬁcant diﬀerences in temperatures and cutaneous
temperature gradients in furred compared to bare areas of mantled
howlers’ skin. Surface temperatures were more closely linked to
subcutaneous temperatures in the furred dorsum than they were in
the bare face. Subcutaneous temperatures had a larger magnitude
eﬀect on dorsum temperatures than the face (see β, Table 1) and
explained more variance in dorsum surface temperatures than the face.
Similarly, surface temperature gradients were far better explained by
the suite of ambient thermal variables for the face than the dorsum
(Table 4). This is likely mediated through relative humidity's role in
vapour pressure and evaporative cooling as well as radiative heat
transfer from the sun. This cumulatively suggests that for the range of
ambient conditions measured in this study, furred dorsum surface
temperatures of howlers are more closely linked to subcutaneous
temperatures, while the bare face is more inﬂuenced by ambient,
rather than internal, thermal conditions.
Our study also found that cutaneous temperature gradients were
greater in the dorsum. This likely reﬂects the lower surface values of
the distal fur compared to exposed facial skin and accordingly the
insulation, reﬂection, and penetrance properties of fur. Overall,
diﬀerences between the face and dorsum largely occurred in the
cutaneous layer, rather than over surface temperature gradients
(Table 2; Figs. 2c–f, 3). Given that many thermal imaging studies rely
only on surface temperature and surface temperature gradients, this
study indicates that peripheral tissue temperatures can provide added
insight into temperature proﬁles, particularly across diﬀerent areas of

0.2

0

27 28 29 30 31 32 33 34 35

Ambient Temperature (°C)
Fig. 3. Coeﬃcients of variation (CV) in cutaneous (a) and surface (b) temperature
gradients plotted against ambient temperature. Note diﬀerence in scale. Only one
measurement of facial surface temperature was recorded at ambient temperatures of
27 °C and hence the CV of temperature gradients could not be calculated at this value.

Table 3
Weather variables coinciding with infrared thermal imaging for mantled howling
monkeys. Note that values correspond to weather at the specific time of sampling
(n=113), not continuous data from the entire study period.
Variable
Ambient temperature (°C)
Wind speed (m/s)
Relative humidity (%)
Solar radiation (W/m2)

x

SD

Range

31.21
0.34
66.65
550.56

2.42
0.26
8.38
344.85

25.89–35.50
0–1.01
52.90–87.00
41.90–1276.90
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Table 4
Multiple linear regression models predicting peripheral tissue temperatures and temperature gradients in the face and dorsum from weather variables.
Ambient temperature (β, P)

Wind speed (β, P)

Cutaneous temperature gradient
Dorsum
Model 1
-0.39, 0.006
2
-1.01, < 0.001
3
-0.74, 0.031a
Face
Model 1
-0.69, 0.183a
2
3
-1.15, 0.008
Surface temperature gradient
Dorsum
Model 1
-0.67, < 0.001
2
-0.70, < 0.001
3
-0.82, 0.002
Face
Model 1
-0.52, 0.032
2
-0.49, 0.047
3
-0.85, < 0.001
Surface temperature
Dorsum
Model 1
0.74,
2
0.71,
3
0.61,
Face
Model 1
0.57,
2
1.02,
3
0.96,

< 0.001
< 0.001
0.009
0.001
0.010
0.013

Subcutaneous temperature
Model 1
2
3
-0.27, 0.142

Relative humidity (β, P)

Solar radiation (β, P)

Adjusted R2

-0.25, 0.074

AIC

BIC

0.346
0.342
0.348

16.94
17.37
17.59

24.30
24.73
27.40b

0.208
0.185
0.179

6.63
6.69
6.90

12.50
11.09
11.30

0.436
0.436
0.433

36.09
37.09
37.66

41.00
44.46
45.02

0.732
0.723
0.706

6.79
6.94
7.96

12.65
11.34
10.89

-0.14, 0.542

0.544
0.543
0.540

32.95
34.14
34.56

37.86
41.51
41.92

0.49, 0.190
0.59, 0.123

0.296c
0.314d
0.332e

6.12
6.19
6.23

9.05
10.59
12.10

0.532
0.530
0.521g

-126.10
-124.59
-123.52

-117.92
-113.68f
-113.68

-0.46, 0.096
-0.33, 0.257a

-0.19, 0.194

-1.01, 0.021
-0.52, 0.020
-1.17, 0.007

-0.39, 0.163
-0.62, 0.007

0.09, 0.327
-0.16, 0.518
0.16, 0.173

0.46, 0.060
0.40, 0.101

0.07, 0.380

0.24, 0.195

0.05, 0.493

-0.85, < 0.001
-0.83, < 0.001
-0.97, < 0.001

-0.19, 0.031
-0.20, 0.026

e

Blanks indicate that the variable was not included in the model. Lower BIC and AIC values indicate more highly ranked models. Subcutaneous temperatures were measured between the
scapulae. Significant values are in bold italics.
a
Variance inﬂation factor was > 10, but in all cases < 15; see O’Brien (2007).
b
This model ranked fourth using BIC, but was more suitable using both AIC and adjusted R2 criteria.
c
Ranked 7th using adjusted R2 criteria, but 1st using AIC and BIC criteria.
d
Ranked 3rd using adjusted R2 criteria, but 2nd using AIC and BIC criteria.
e
Ranked 2nd using adjusted R2 criteria and 3rd using AIC, but 6th under BIC criteria.
f
Ranked 4th using BIC criteria, but 2nd using AIC and adjusted R2 criteria.
g
Ranked 4th using adjusted R2 criteria, but 3rd using AIC and BIC criteria.

data on subcutaneous temperatures or heat loss for wild mammals, our
results are consistent with human skin temperatures, which are also
higher for the face than trunk (Taylor et al., 2014). This increased
temperature has been attributed to high blood perfusion to the nearby
brain (Romanovsky, 2014; Taylor et al., 2014). It is also worth noting
that the face has unique functions beyond thermoregulation which may
generate diﬀerences in temperature and temperature variations.
Temperatures in the face have been linked to emotional state in
humans (Clay-Warner and Robinson, 2015) and Old World monkeys
(Kuraoka and Nakamura, 2011). This has not been rigorously examined for Neotropical monkeys such as howlers, but there is some
evidence of similar temperature changes in the bare tails of rats
exposed to fear stimuli (Vianna and Carrive, 2005). Such functions of
the face and/or bare skin could contribute to the more variable
temperature gradients in the cutaneous layer of the face found in this
study. Beyond humans and mice, most identiﬁed thermal windows in
mammals that possess some fur occur in areas with less dense or
shorter fur, regardless of the exact location (e.g., faces for foxes: Klir
and Heath, 1992; ventrum for camelids: Gerken, 2010; feet for otters:
Kuhn and Meyer, 2009), although some mammals present clear
exceptions with no evidence of such windows (Mongolian gerbils:
Klir et al., 1990). While we did not measure subcutaneous temperatures directly in the face of mantled howlers, our ﬁndings that
temperature patterns diﬀered between the furred dorsum and bare

the body.
These results are also consistent with the idea that the face may play
a relatively greater role in heat loss than other body areas. This is
suggested by: 1) our ﬁnding that cutaneous temperature gradients in
the face were more variable than the dorsum, and 2) variation in
temperature gradients generally decreased at cooler ambient temperatures. However, this did not hold true at warmer temperatures, which
may indicate these relatively cooler wet season data did not sample
heat stress above animals’ thermoneutral zone. Unfortunately, there
are currently no published estimates of the thermoneutral zone of
howlers. Lastly, 3) facial temperatures were warmer than dorsal
temperatures. Alternately, the relatively greater impact of ambient
conditions on the bare facial area could also explain warmer facial than
dorsal temperatures, with warmer ambient temperatures driving warm
temperatures of facial skin. However, our data do not support this
alternate explanation, as ambient temperatures never exceeded surface
temperatures of the face in this study (Fig. 2f). It is worth noting that
this ten day study can only report on short term, rather than seasonal,
temperature relationships of these body parts. However, previous
research has found that daily variation, particularly cooler nighttime
temperatures, are the most frequent thermal pressure faced by these
tropical monkeys (Thompson et al., 2014; Thompson et al., in press).
Our results indicate that mantled howling monkeys display distinct
temperature proﬁles across the body. While there are little comparative
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humidity, solar radiation) also impact temperatures gained from
thermal imaging. Presumably future studies of longer duration would
sample greater variation in weather conditions, which should be
accounted for in analyses of surface temperatures.

face are congruent with research indicating that neural control of
thermoregulatory responses, including vasomotion, diﬀers between
furred and bare skin (Saad et al., 2001; Kondo et al., 2003; Tanaka
et al., 2007; Romanovsky, 2014). These body regions may also diﬀer in
the anatomical components of the cutaneous layer, such as thickness of
subcutaneous fat, degree of vasculature, or prevalence of glands. While
these anatomical features have not been examined for howlers, our
data from wild animals support the notion that bare and furred areas
have distinct thermoregulatory proﬁles.

4.3. Conclusions
Infrared imaging's non-invasiveness makes it an attractive tool for
studying wild animals, although most wild studies have focused on
generalized uses (e.g., animal detection, pathology, pregnancy detection) rather than thermoregulatory research (Cilulko et al., 2013).
Here, we demonstrate that furred regions of mammals can contribute
important information on the temperatures of peripheral tissues, and
that diﬀerences in fur coverage and ambient thermal conditions can
diﬀerentially inﬂuence temperature change through these tissues. Our
results indicate that infrared thermal imaging can be useful for
thermoregulatory studies of wild mammals.

4.2. Methodological considerations for infrared imaging of wild
mammals
Based on our results, we can propose some guidance for future
research. First, thermal imaging of furred areas can provide useful
information, but are not an exact correlate of the underlying temperature of peripheral tissues. Despite that temperatures of bare skin are
related to cutaneous blood ﬂow (Love, 1980), surface temperatures of
densely furred regions of howlers were more closely linked with
subcutaneous temperatures than the bare regions of the face. Hence
while the temperature of bare skin may intuitively seem like a better
predictor of subcutaneous body temperature, this was not the case for
wild howlers in our study. This is likely due to the relatively greater
inﬂuence of ambient thermal variables on heat loss from the face's
surface. Given these results for howlers, we would expect that surface
temperatures of furred regions to be more similar to underlying tissues
when ambient conditions (including temperature, solar radiation,
humidity, etc.) are within animals’ thermoneutral zone. It should also
be noted that species diﬀerences in the thermal properties of fur could
inﬂuence this relationship as well. This warrants further investigation,
particularly given that the interaction between diﬀerent fur properties
(e.g., length, density, reﬂectance) can have a potentially multi-faceted
relationship with the degree of insulation provided (Šumbera et al.,
2007; Dawson et al., 2014). For instance, longer fur could provide
higher insulation than shorter fur, but fur of equal lengths with higher
or lower density would provide diﬀering levels of insulation. This
variation indicates that researchers should ensure the location of
surface temperature measurements is consistent in order to ensure
data reliability. Since a large number of mammalian species are
completely covered in fur with no bare areas exposed for imaging, a
demonstrated relationship (even if not a perfect correlation) between
surface and subcutaneous temperature for furred skin provides a tool
for advancing non-invasive studies of thermoregulation of wild mammals.
Second, despite the relationship between subcutaneous and surface
temperatures, surface temperatures should not be viewed as an exact
analog of body temperatures, even for peripheral tissues (e.g., Newsom
et al., 2004; Sikoski et al., 2007). While surface temperatures are
related to subcutaneous temperatures, particularly for furred areas, our
study still showed clear temperature changes through the cutaneous
layer, suggesting that heat loss in this region is not negligible,
particularly in colder conditions (Fig. 2c–f). Our data indicate this
discrepancy may be due to increased heat loss over exposed body parts,
as well as the greater inﬂuence of ambient thermal conditions on
surface temperatures. Studies in birds using non-infrared imaging
methods similarly report signiﬁcant eﬀects of ambient thermal conditions on skin temperatures (Øritsland and Ronald, 1973; Nord et al.,
2016).
Finally, taking ambient temperature into account with thermal
images can improve reliability of infrared thermal images. For both
bare and furred areas of howlers, adding thermal environment to
predictive models increased their explanatory value. Ambient temperatures have been frequently considered in thermal imaging studies and
this study demonstrates that they had a large inﬂuence on surface
temperatures in howlers. However our data, from just ten days in the
wet season, found that weather variables beyond temperature (wind,
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Supplemental Material S1. Characteristics of mantled howling monkey fur, measured from
pelts of 18 specimens at the Field Museum of Natural History. Includes n=13 females, n=5
males, as well as four subspecies of mantled howlers: Alouatta palliata mexicana, n=4; A. p.
aequatorialis, n=10; A. p. palliata, n=3; A. p. coibensis n=1.

Body region
Face
Infraorbital fossaa
Supraorbital ridgeb
Dorsum
Between scapulae
Lumbar region
Ventrum
Sternum
Umbilicus
a
b

̅

Fur loft length (mm)
SD
Range

Total fur length (mm)
SD
Range
̅

0.86
1.58

1.29
3.01

0-4.37
0-8.97

0.95
1.61

1.37
3.07

0-4.37
0-8.97

9.27
11.57

2.76
3.20

5.26-16.03
5.86-16.54

24.52
31.47

3.04
4.15

19.03-30.60
24.63-39.24

6.93
9.41

4.72
4.05

1.39-19.23
3.08-16.83

32.99
31.37

11.37
6.20

4.16-47.64
22.81-45.34

Of 18 specimens, 11 had no fur in this region.
Of 18 specimens, 13 had no fur in this region.

Supplemental Material S2. Specifications of the infrared camera used to collect images of
mantled howling monkeys.
Feature
Manufacturer
Model
Infrared resolution
Thermal sensitivity
Accuracy
Temperature range
Frame rate
Temperature change due to distance
setting (range: 10 m)

Specification
FLIR
E60 bx
320 x 240
<0.045°C
±2°C
-20°C to 120°C
60 Hz
<0.1

