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a b s t r a c t

Sweating is an unusual thermoregulatory strategy for most mammals, yet is critical for humans. This trait
is commonly hypothesized to result from human ancestors moving from a forest to a warmer and drier
open environment. As soft tissue traits do not typically fossilize, this idea has been difficult to test.
Therefore, we used a comparative approach to examine 15 eccrine gland traits from 35 primate species.
For each trait we measured phylogenetic signal, tested three evolutionary models to explain trait vari-
ation, and used phylogenetic models to examine how traits varied in response to climate variables.
Phylogenetic signal in traits varied substantially, with the two traits exhibiting the highest values being
gland distribution on the body and percent eccrine vs. apocrine glands on the body. Variation in most
traits was best explained by an Ornstein-Uhlenbeck model suggesting the importance of natural selec-
tion. Two traits were strongly predicted by climate. First, species with high eccrine gland glycogen
content were associated with habitats exhibiting warm temperatures and low rainfall. Second, species
with increased capillarization were associated with high temperature. Glycogen is a primary energy
substrate powering sweat production and sodium reabsorption in the eccrine gland, and increased
capillarization permits greater oxygen, glucose and electrolyte delivery. Thus, our results are evidence of
natural selection for increased sweating capacity in primate species with body surface eccrine glands
living in hot and dry climates. We suggest that selection for increased glycogen content and capillari-
zation may have been part of initial increases in hominin thermoregulatory sweating capacity.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Endothermy and high metabolic rate pose hyperthermia risks
for mammals (Speakman and Kr�ol, 2010a, 2010b), which must
minimize metabolic heat production and/or heat gain from the
environment. Fur or hair to block solar radiation (Dunbar, 1979;
Walsberg, 1988) and behavioral strategies such as sun avoidance
(Roberts and Dunbar, 1991; Hill, 2006; Terrien et al., 2011) noc-
turnality (Haim et al., 2006) and postural changes (Shoshani et al.,
1996) are variously employed to minimize environmental heat
gain. Endogenous heat production may be minimized through
reduction in basal metabolic rate (Cain et al., 2006), sometimes
accomplished via tighter coupling of mitochondrial respiration
(Nicholls and Locke, 1984), either as short-term acclimation or
Best), jkamilar@umass.edu
evolutionary adaptation (Taylor, 2014). Dissipating endogenous
heat is most frequently accomplished via panting, increased skin
blood flow, and in a small percentage of mammal species, sweating
(Bullard et al., 1970; Lieberman, 2015).

Most mammals have two types of sweat glands: apocrine and
eccrine. The former are found over the body surface, are associated
with a hair follicle and sebaceous gland, and are not principally
used in thermoregulation, except in some ungulates (Bullard et al.,
1970; Whittow, 1971). In non-primate mammals and strepsirrhine
primates, eccrine glands are confined to the friction pads of the
hands and feet where they can be high in density and aid in fric-
tional gripping (Adelman et al., 1975). New World monkeys have
extended this ability to species with a prehensile tail, while in
catarrhines (Old World monkeys and apes, including humans)
eccrine glands are distributed over the entire body surface and are
employed in thermoregulatory sweating. Eccrine thermoregulatory
sweating has been observed in chimpanzees (Hiley, 1976), baboons
(Newman et al., 1970; Hiley, 1976), macaques (Lemaire, 1967;
Johnson and Elizondo, 1974, 1979), and patas monkeys (Mahoney,
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1980; Sato et al., 1990), and eccrine sweating acclimation similar to
that in humans has been demonstrated in the Japanese snow
monkey (Okuda et al., 1981) and patas monkey (Sato et al., 1990).
The ratio of eccrine to apocrine glands varies across catarrhines:
chimpanzees and gorillas have an eccrine/apocrine ratio of around
2:1 (Folk and Semken, 1991); in macaques, mangabeys, baboons
and gibbons the ratio is about 1:1 (Folk and Semken, 1991); and in
humans, nearly all cutaneous glands on the general body surface
are eccrine, numbering around 2 million (Kuno, 1956; Montagna,
1962). To our knowledge, there has been no quantitative study
examining the potential adaptive function of eccrine glands across
primate species.

The evolution of highly derived (Carrier et al., 1984; Jablonski,
2004; Jablonski and Chaplin, 2000; Lieberman, 2015) human
eccrine sweating capacity has been linked with other important
evolutionary adaptations. Because sweating is made more efficient
with near-hairlessness and increased air flow, loss of body hair and
adoption of bipedal posture may have been concurrent (Wheeler,
1992), allowing for increased thermal sweating; however, un-
certainties regarding the timing of the origins of bipedalism and
body hair reduction mean that increased sweating may not have
evolved until the genus Homo (Lieberman, 2015). Increased
sweating capacity likely accompanied expanded foraging in open
savanna environments (Harris, 1980; Wheeler, 1984, 1985; Zihlman
and Cohn, 1986; Chaplin et al., 1994; Jablonski and Chaplin, 2000).
Lieberman (2015) argued that this may have allowed slow and
defenseless hominins to forage in midday heat when the threat of
predation is reduced. Finally, hominin eccrine sweating may have
been driven in part by endurance running (Carrier et al., 1984;
Bramble and Lieberman, 2004; Ruxton and Wilkinson, 2011;
Lieberman, 2015) an idea supported by the observations that
running elicits higher sweat rates than other physical activities in
the heat (Torii, 1995) and complete heat acclimatization only occurs
with habitual endurance training in hot conditions (Taylor, 2014). If
the evolution of human eccrine sweating was indeed tied to climate
and physical activity, we may expect to observe similar patterns in
other primates. For example, climate variables such as temperature
and humidity may correlate with eccrine gland density or other
eccrine gland characteristics.

Despite the hypothesized adaptive significance of eccrine
sweating in human evolution, we have little knowledge of eccrine
gland biology and evolution across primate species. The current
body of knowledge regarding comparative eccrine biology of pri-
mates is comprised almost entirely of a series of papers on primate
skin histology spanning the late 1950s through the 1970s (e.g., Ellis
and Montagna, 1962; Arao and Perkins, 1969; Ford and Perkins,
1970; and others - see Supplementary Online Material SOM 1).
These papers include comparisons of gland distribution, structure
and proportions, and stains estimating the concentrations of
various compounds that were common to most histological studies
of the mid-20th century. While the eccrine-specific roles of most of
these compounds have not been studied, some play a role in
metabolism or other processes likely related to sweat production.
To our knowledge, Grant and Hoff (1975) are the only researchers to
have compiled these and additional skin biology data for compar-
ative analysis, concluding that sweat gland characteristics
(apocrine and eccrine) correspond poorly with taxonomic group-
ings. They noted that the three New World monkeys with tail and/
or body surface eccrine glands - Lagothrix lagothricha, Ateles geof-
froyi, andAlouatta caraya - grouped more closely with Old World
monkeys and apes, and that this was explained by similar sweat
gland and hair follicle characteristics. The causes of this convergent
evolution remain unexplored.

Although sweating is a critical function in the human lineage
and sweat gland biology varies across primate species, we have
little idea about its potential adaptive function, especially in a
comparative context. The purpose of this current study is to
examine the evolution of eccrine gland traits across primates using
a phylogenetic approach. Specifically,1) How do eccrine gland traits
correlate with phylogeny? 2) Which model of evolution best ex-
plains variation in these traits? and 3) Do environmental factors
predict eccrine gland trait variation across species? We expect that
primate species living in dry, warm environments are associated
with biological features of eccrine glands that are related to an
increased ability to sweat. As opposed to hard tissue traits, inves-
tigating eccrine gland evolution is not possible using the paleon-
tological record because soft tissue and histological characteristics
do not readily fossilize. Therefore, using a phylogenetic approach of
living species can provide an important framework for under-
standing the evolutionary context of eccrine gland diversity
through time. Ultimately, answering these questions related to
eccrine gland evolution across primate species can inform our
understanding of humans' unique sweating ability.

2. Methods

2.1. Data sources

Histological and histochemical observations on 35 species - 10
strepsirrhines, 1 tarsier, 13 platyrrhines, and 11 catarrhines - were
gathered from 41 publications (SOM 2,3). Of the characteristics
described in these sources, 15 were presented in most papers and
appeared to have consistent measurement protocols, and were
thus amenable for inclusion in the analyses. Suitable variables
included two measures of eccrine gland distribution, three histo-
logical measures, and 11 histochemical measures. Table 1 sum-
marizes the eccrine characteristics included in our analyses and
our coding scheme. The 11 histochemical measures are staining
techniques indicating the concentration of enzymes and other
compounds. Several of these compounds are involved in meta-
bolism and therefore presumably influence sweating capacity to
some degree, but only glycogen has a demonstrated effect on
sweating (Shelley and Mescon, 1952; Dobson, 1960; Matsumoto
and Ohkura, 1960; Dobson and Abele, 1962; Smith and Dobson,
1966; Sato and Dobson, 1973; Sato, 1977). Degree of capillariza-
tion, visualized with an alkaline phosphatase staining technique
(Lojda, 1979), may also be expected to have a strong effect on
sweat gland function. Greater capillarization would increase blood
flow and therefore water, oxygen and fuel substrate delivery and
waste removal, thereby enhancing metabolic function. All traits
reported in the source papers are semi-quantitative, except for
ratio of eccrine to apocrine glands (henceforth referred to as
“percent eccrine”) and ratio of secretory tubule to excretory tubule
length. Where possible we preserved the coding systems reported
in the original sources. For example, succinic dehydrogenase ac-
tivity was scored 0e3, from absent to strongly reactive. For other
measures we translated semi-quantitative descriptions into or-
dered categories, e.g. “absent”, “weak”, “moderate”, and “strong”
became 0, 1, 2, and 3, respectively. While data generated from a
single source would be ideal, these data were unavailable. That
being said, there is an extensive body of research in biology and
biological anthropology using comparative data sets where the
original data were collected by numerous researchers, often using
different methods of quantification (Plavcan et al., 1995; Organ
et al., 2011; Wheeler et al., 2011; Pontzer et al., 2014; Kamilar
et al., 2015). Our data set has the advantage of being quantified
by researchers using the samemethods. This is, in effect, a singular
research group that quantified the data (Montagna and col-
leagues). This point is further emphasized by two previous studies
that used these and related data for comparative analyses (Grant



Table 1
Eccrine gland traits used in the study.

Trait Description/relevance Coding n species

Histological
characteristics

Eccrine gland distribution Presence of eccrine glands in different body regions 0 ¼ pes/manus only,
1 ¼ also tail and/or face,
2 ¼ also general body
surface

35

Percent of body surface glands that
are eccrine (vs. apocrine)

Percentage of sweat glands on general body surface that are
eccrine

Numeric, continuous 35

Secretory coil:excretory duct, pes
and manus

Ratio of secretory coil cross-sectional diameter to excretory duct
cross-sectional diameter

1 ¼ 1:1, 2 ¼ 2:1, 3 ¼ 3:1 25

Presence of dark and clear cells in
secretory coil

Distinct cell types discernible through histological staining 0 ¼ two distinct types
not present; 1 ¼ two
distinct types present

15a

Histochemical
characteristics

Secretory coil [glycogen] Primary substrate powering ATPase Naþ/Kþ pump, required for
sweat production and sodium reabsorption

0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

15a

Secretory coil [alkaline
phosphatase]

Membrane-bound enzyme hypothesized to be involved in
membrane transport

0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

14a

Secretory coil [acid phosphatase] Membrane-bound enzyme found in lysosomes; proxy for
lysosome content of tissue

0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

12a

Secretory coil [phosphorylase] Glycogen phosphorylase; cleaves glycogen into glucose 1
phosphate, which can become glucose 6 phosphate, a substrate
for glycolysis

0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

15a

Secretory coil [succinic
dehydrogenase]

Mitochondrial membrane protein; complex II of the electron
transport chain; proxy for mitochondrial content of tissue

0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

15a

Secretory coil [cytochrome oxidase] Mitochondrial membrane protein; complex IV of the electron
transport chain; proxy for mitochondrial content of tissue

0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

14a

Secretory coil [monoamine oxidase] Mitochondrial membrane protein; responsible for oxidative
deamination of monoamine neurotransmitters

0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

12a

Secretory coil [esterase] Class of enzymes which oxidize lipids; proxy for lipid oxidation
potential of tissue

0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

15a

Nerves [butyrylcholinesterase] Enzyme which breaks down the neurotransmitter
butyrylcholine

0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

13a

Nerves [acetylcholinesterase] Enzyme which breaks down the neurotransmitter acetylcholine 0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

13a

Capillarization, indicated by
alkaline phosphatase staining

Number of capillaries supplying the secretory coil 0 ¼ none, 1 ¼ low,
2 ¼ moderate, 3 ¼ high

9a

a Phylogenetic least squares tests, correlating climate variables with eccrine characteristics, included only species which have eccrine glands on the general body surface
and/or prehensile tail.
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and Hoff, 1975; Plavcan et al., 1995). Further, continuously
measured variables would provide improved statistical power,
though we were unable to quantify the variables in this way. Our
semi-quantitative approach using ordered traits are commonly
used to build robust primate and hominin phylogenies (e.g.,
Shoshani et al., 1996; Gibbs et al., 2000), as well as research
explaining variation in primate trait diversity (Plavcan et al., 1995).

We gathered climate data (see SOM 4) for each primate species
from PanTHERIA (Jones et al., 2009), including mean temperature,
mean annual rainfall, latitude, and actual evapotranspiration (AET).
These variables quantify the average values across each species'
geographic range. As lower skin temperature/air temperature gra-
dients blunt radiant, convective and evaporative cooling, and high
humidity reduces efficiency of sweat evaporation, we may expect
selection to favor increased sweating capacity in hot and dry cli-
mates where sweating is both more necessary and more efficient.
Latitude was included as a proxy for climate seasonality. AET is a
measure of ambient temperature and water content (e.g., water in
the atmosphere from rain, nearby water sources such as lakes and
oceans, and plant evapotranspiration). Climate values associated
with Chlorocebus pygerythrus were used for Homo sapiens as this
eastern and southern African habitat approximates the climate of
early modern humans (Blumenthal et al., 2017). Climate values
associated with Chlorocebus aethiops were the mean values across
all six Chlorocebus species listed in the climate database. We per-
formed this procedure because we did not know the provenance of
the Chlorocebus used to quantify skin traits.

Our expectation that living primate species traits will be asso-
ciated with modern climatic variation is the standard approach for
comparative biologists and biological anthropologists and has
yielded important insights into trait evolution and diversity (Ellis
and Montagna, 1962; Roberts and Dunbar, 1991; Kamilar et al.,
2015). Of course, this does not exclude the possibility that past
climate and other factors may have influenced living species (e.g.,
Rowan et al., 2016).

2.2. Data analysis

The relationship between trait values and phylogeny, i.e.,
phylogenetic signal, can be expressed as Blomberg's K, a measure of
how observed trait variance differs from variance expected under
Brownian motion evolution (see Kamilar and Cooper, 2013 for a
thorough treatment of this measure and its applications). Values
typically range from zero to one, though can be greater than one.
Values approaching zero indicate low phylogenetic signal, i.e., there
is a weak relationship between trait similarity and species relat-
edness. Values approaching one indicate high phylogenetic signal,
where closely related species exhibit similar trait values and trait
values become more dissimilar between species with increasing
phylogenetic divergence. Values greater than one indicate greater
trait similarity between related species than would be expected
given Brownian evolution. This latter scenario can also be referred
to as phylogenetic niche conservatism as defined by Losos (2008).
High phylogenetic signal may be indicative of several evolutionary
processes (Revell et al., 2008), including limited genetic variation,
neutral evolution, stabilizing selection, low rates of evolution, or
physiological constraints; low phylogenetic signal typically char-
acterizes adaptation radiations or divergent selection (Kamilar and
Cooper, 2013). Phylogenetic signal was estimated using the phylo-
sig function for the phytools package (Revell, 2012).
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In part to inform these potential interpretations we used the
fitContinuous function for the Geiger package (Harmon et al., 2015)
to test three evolutionary models for each trait. In a Brownian
motion (BM)model, trait change is proportional to divergence time,
and may indicate either genetic drift or multiple and/or changing
selection pressures (Freckleton and Harvey, 2006). In the Ornstein-
Uhlenbeck (OU) model, a trait evolves through directional selection
towards an optimum (Lande, 1976; Felsenstein, 1988; Hansen,
1997); alternatively, variation in the trait may be biologically con-
strained (Harmon et al., 2010). In an Early Burst (EB) model, trait
change is rapid early in time and then slows as time progresses
(Harmon et al., 2010) and is characteristic of adaptive radiations
(Cooper and Purvis, 2010). We used corrected Akaike Information
Criterion (AICc) values to judge which of the three models best fit
trait variation, with lower values indicating a better fit. Models
within 2 AICc values of the best model are considered equivalently
good (Burnham and Anderson, 2002).

Finally, we used the pgls function of the caper package (Orme,
2013) to perform phylogenetic generalized least squares models
(PGLS) to examine how climate variables (absolute latitude, log-
transformed temperature, rainfall and AET) predicted each eccrine
gland trait. For gland distribution, percent eccrine, and pes/manus
secretory/excretory ratio, we included any species for which data
were available: n ¼ 35, 35 and 25, respectively. For dark/clear and
histochemical measures we included only species with eccrine
glands on the body surface (n ¼ 9e15) and included only log tem-
perature and log precipitation as climate variables. We limited the
data set for these PGLS analyses because the function of body surface
eccrine glands is distinct from those on the pes and manus (ther-
moregulation vs. frictional gripping), and thus we would not expect
pes/manus glands to adapt in response to climate characteristics.We
only used two predictors in these latter analyses to reduce the pos-
sibility of overfitting themodel considering the reduced sample size.
All analyses were performed in R (R Development Core Team, 2017).

For all phylogenetic analyses, we used a consensus tree of our
study species downloaded from the 10kTrees website with the
associated taxonomy from GenBank (Arnold et al., 2010). There
were several instances where we had to match an old taxonomic
name in the original data papers on skin traits to the GenBank
taxonomy-for example, Lemur mongoz to Eulemur mongoz.

We considered applying a Bonferroni correction (Rice, 1989) to
our PGLS models, though decided not to implement this approach.
Several authors have recommended not using Bonferroni correc-
tions when statistical power is already low (Moran, 2003;
Nakagawa, 2004). Our PGLS analyses have low statistical power
due to: small to modest sample sizes (ranging from nine to 15
species for histochemical variables), the reliance on mean climate
data across a species' geographic range (as opposed to climate from
a specific location where an individual species is found), and
dependent variables that are measured semi-quantitatively as
opposed to continuously. We used G*Power (Faul et al., 2007, 2009)
to calculate the required sample size for a linear model with two
predictors and an accepted power of 0.8. We would need a sample
size of 31 to detect a large effect size and a sample size of 68 to
detect a moderate effect. Therefore, our statistical power is quite
low for our PGLS analyses and implementing some form of Bon-
ferroni correction would further decrease our ability to detect a
significant effect when one is present.

3. Results

3.1. Phylogenetic signal

Eccrine gland distribution (K ¼ 2.43, p ¼ 0.001) and percent
eccrine (K ¼ 1.87, p ¼ 0.001) displayed very strong phylogenetic
signal, with values greater than one (Fig. 1). When viewed on the
species phylogeny (Fig. 2), the traits varied across broad taxonomic
groups (e.g., catarrhines vs. strepsirrhines), but did not vary within
these clades. Presence of dark and clear cells showed moderately
strong phylogenetic signal (K ¼ 0.70, p ¼ 0.002). Secretory-
excretory diameter ratio was the only histological trait failing to
show significant phylogenetic signal, though this was still moder-
ate (K ¼ 0.42, p ¼ 0.069). We found a moderate and significant
amount of phylogenetic signal in three histochemical traits:
secretory coil glycogen concentration (K ¼ 0.58, p ¼ 0.002; Fig. 3),
secretory coil succinic dehydrogenase concentration (K ¼ 0.46,
p ¼ 0.047) and secretory coil monoamine oxidase concentration
(K ¼ 0.66, p ¼ 0.001). All other histochemical characteristics
showed weak phylogenetic signal. Plotting histochemical traits
onto phylogenies generally revealed recent (family or genus level)
similarity with broad differences evident between larger clades
(SOM 5).

3.2. Testing evolutionary models to explain trait variation

The Ornstein-Uhlenbeck model best explains evolutionary pat-
terns in five traits and is an equivalent-best for eight additional
traits based on AICc values (Table 2). In other words, the OU model
best explains the variation observed in 13 of the 15 eccrine gland
traits we examined. This includes all of the histological and histo-
chemical traits and none of the eccrine gland distribution variables.
In contrast, a Brownian motion model is a best or equivalently-best
fit for both eccrine gland distribution traits, and is an equivalent-
best fit for five of the histological and histochemical variables
based on AICc values. The Early Burst model is an equivalent-best fit
for only one trait (eccrine gland distribution), being within 2 AICc
values of the Brownian motion model.

3.3. Predicting eccrine gland traits from climate

Based on PGLS analyses and using the 15 species with eccrine
glands on the body surface, secretory coil glycogen content was
positively associated with log10 temperature (p ¼ 0.006) and
negatively associated with log10 precipitation (p ¼ 0.018; see
Table 3). In the nine species with eccrine glands on the body surface
and for which information was available, capillarization (as indi-
cated by alkaline phosphatase staining) was positively associated
with log10 temperature (p ¼ 0.024). Log10 precipitation was nega-
tively associated with capillarization at the p ¼ 0.068 level. Addi-
tional PGLS models predicting eccrine gland traits were significant
at the p > 0.10 level (see SOM 6). The strength of phylogenetic signal
in the PGLS model residuals as measured by Pagel's lambda varied
from zero to one.

4. Discussion

We found evidence supporting the idea that body surface eccrine
glands evolved to increase sweating in hot and dry environments. In
particular, we showed that the eccrine glands of primates in hotter,
drier climates tend to have greater glycogen stores and are supplied
bymore capillaries than are the eccrine glands of primates in cooler
and wetter climates (Figs. 3 and 4). These two characteristics have a
profound effect on the eccrine glands' capacity to produce sweat.
The other histochemical variables included in this study either are
only indirectly related to sweat production ormediate small links in
the metabolic chain, and increases in these compounds would
therefore likely have small effects on sweating capacity. Interest-
ingly, across-species variations in most of these histochemical
characteristics are best explained by an OU evolutionary mode, but
were not correlated with climate variables. Our relatively small
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Figure 1. Phylogenetic signal in eccrine characteristics. Histological traits in orange; histochemical traits in blue. *K is significantly greater than 0. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article).
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sample size combined with the weak biological relationship to
sweating may produce low statistical power to detect a climate ef-
fect. Alternatively, non-climatic selective forces and/or non-
selective phenomena that we did not examine may play a more
important role in driving variation in these traits.

Glycogen content displayed moderate phylogenetic signal and
fit best with BM and OUmodels. These analyses included all species
in our data set and thus compared species with eccrine glands on
the general body surface with those having eccrine glands on only
the friction surfaces. A visual inspection of the trait on our phy-
logeny (Fig. 3) demonstrates that moderate or high glycogen stores
are a common feature of body surface eccrine glands. High glycogen
content is observed in many species with body surface eccrine
glands, including the three New World monkeys with prehensile
tails in our data set. The threemacaque species and the gibbonwere
quantified as havingmoderate glycogen stores, reflecting the cooler
climates of these species. Capillarization showed no significant
phylogenetic signal and was best explained by an OU evolutionary
model, implying that selection is important for explaining variation
in this trait. Although data were available for only nine species with
body surface eccrine glands we did detect a statistically significant
effect of climate. Hotter climates were associated with increased
capillarization while three of the four species with low capillari-
zation live in cool climates.

Eccrine gland glycogen content and capillarization should exert
a strong positive effect on sweating capacity. Increases in glycogen
storage and capillarization are hallmarks of exercise-induced
physiological adaptation in human skeletal muscle (Lamb et al.,
1969; Brodal et al., 1977; Ingjer and Brodal, 1978; Saltin and
Gollnick, 1983) where the primary challenges to prolonged en-
ergy production are substrate availability and oxygen delivery. We
suggest that thermoregulatory sweating poses a similar challenge
to eccrine glands. Glucose, both from intracellular glycogen and
plasma glucose, is a primary substrate for eccrine glandmetabolism
(Smith and Dobson, 1966; Sato and Dobson, 1973; Sato, 1977),
where ATP is needed to drive the Naþ/Kþ pumps essential to the
eccrine glands' main functions of sweat secretion and sodium
reabsorption (Sato and Dobson, 1973). Sweating results in glycogen
depletion in human (Shelley and Mescon, 1952; Dobson, 1960;
Dobson and Abele, 1962) and nonhuman primate glands
(Matsumoto and Ohkura, 1960; Smith and Dobson, 1966), and
eccrine glands become resistant to glycogen depletion as part of
heat acclimation in these taxa (Dobson, 1960), suggesting that in-
creases in glycogen content may be targets of selection in species
employing thermoregulatory sweating. We hypothesize that
increased capillarization is also selected for in these species.
Increased blood supply equates to more water, oxygen and elec-
trolyte delivery and waste removal, permitting increased sweat
production. Indeed, even laden glands have insufficient glycogen to
supply fuel for prolonged sweating (Sato, 1977); blood glucose is
needed as well, and this is delivered via capillaries. As some portion
of the metabolism in the gland is aerobic (Sato and Dobson, 1973),
insufficiencies in oxygen availability will have a severe limiting
effect on gland metabolism and therefore sweat production.

While our results suggest that differences in glycogen content
and gland capillarization are targets of selection in primate species



Figure 2. Percentage of body surface sweat glands that are eccrine (vs. apocrine), viewed on a phylogeny showing all species in our data set. Values range from 0% to 100%.
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living in hot, dry climates, the role of phenotypic plasticity (phys-
iological adaptation to heat stress) is unclear. Unfortunately, the
provenance of the primate specimens included in our data set is
unknown. Human heat acclimation begins to degenerate just one
week after cessation of heat exposure (Taylor, 2006). Therefore,
only animals examined quite soon after wild capture, or those kept
outdoors in facilities approximating their native climate (i.e., hot),
would reflect acclimation to their environment. Even if these ani-
mals were unacclimated, this does not preclude the possibility that
selection may have favored a more sensitive acclimation response
(as opposed to canalized thermoregulatory sweating capacity) in
species living in hot and dry environments. Further study using
acclimated and unacclimated individuals of the same species could
reveal the range of phenotypic plasticity in glycogen content and
capillarization. This would also clarify the degree of plasticity in the
other traits reported here, some of which are likely malleable with
acclimation, as heat acclimation involves changes in sweat volume
per gland, sweat constitution, and gland hypertrophy in primates
(Sato et al., 1990) including humans (Taylor, 2006, 2014).

Eccrine gland distribution showed phylogenetic conservatism
and fit best with Early Burst and Brownian motion evolutionary
models. As a primitive mammalian trait, having eccrine glands
confined to the pes and manus is almost certainly the ancestral
state for all primates, one retained in all strepsirrhines. Each of the
broad clades, strepsirrhines, platyrrhines and catarrhines, differs in
gland distribution, and there is limited variation in this trait within
these clades. This suggests that gland distribution evolved near the
base of each clade but did not subsequently change in any



Figure 3. Glycogen content of the eccrine gland secretory coil. Values range from 0 (none) to 3 (high). Note that species shown above Lagothrix do not have body surface eccrine
glands, so trait values are shown for pes/manus eccrine glands.
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meaningful way. The catarrhine shift to more open, hot and semi-
arid habitats likely explains proliferation of body surface eccrine
glands, but additional factors may have increased thermoregula-
tory challenges. Catarrhines generally have the greatest body size
and brain size/body size ratio of the three major primate clades
(Fleagle, 2013), trends that are further exaggerated in hominoids
and mirror observed patterns of eccrine gland distribution,
including the ratio of eccrine to apocrine glands on the body sur-
face. Larger bodies are less efficient at dissipating heat, a problem
exacerbated during physical activity and one that may also impose
a reproductive constraint (Speakman and Kr�ol, 2010a, 2010b),
increasing selective pressure for thermoregulatory solutions. Hap-
lorrhine mass-adjusted basal metabolic rate is greater than that of
strepsirrhines (Pontzer et al., 2014), and body surface hair density
appears to scale inversely with body surface area (and therefore
roughly with basal metabolic rate) in primates (Schwartz and
Rosenblum, 1981), perhaps to aid in evaporative and convective
cooling. Larger brains are metabolically expensive (Aiello and
Wheeler, 1995) and therefore produce more heat, further com-
pounding the thermoregulatory challenges associated with hap-
lorrhine (and especially catarrhine and hominoid) evolution.
Humans' highly derived sweat response, then, is commensurate



Table 2
Evolutionary models used to explain variation in eccrine gland traits.

Variable Best model AICc (BM) AICc (OU) AICc (EB) log-lik s2 a

Eccrine gland distribution EB, BM 44.418 46.813 42.778 �18.001 0.079 �0.043
Percent of body surface glands that are eccrine (vs. apocrine) BM 289.613 292.012 291.991 �142.619 8.022 NA
Secretory coil: excretory duct, pes and manus OU 43.520 36.390 46.118 �14.624 0.021 0.051
Presence of dark and clear cells in secretory coil OU, BM 32.111 32.092 34.511 �12.654 0.008 0.020
Secretory coil [glycogen] BM, OU 94.577 95.911 96.977 �45.101 0.030 NA
Secretory coil [alkaline phosphatase] OU 108.092 98.663 110.535 �45.903 0.338 0.163
Secretory coil [acid phosphatase] OU 95.064 65.948 97.507 �29.545 2.017 2.718
Secretory coil [phosphorylase] OU 94.077 88.333 96.477 �40.780 0.080 0.062
Secretory coil [succinic dehydrogenase] BM, OU 45.541 45.722 47.941 �20.583 0.008 NA
Secretory coil [cytochrome oxidase] BM, OU 19.291 17.681 21.735 �7.439 0.004 NA
Secretory coil [monoamine oxidase] BM, OU 69.433 70.660 71.911 �32.494 0.020 NA
Secretory coil [esterase] OU 103.409 90.047 105.810 �41.636 0.174 0.136
Nerves [butyrylcholinesterase] OU 100.098 92.205 102.577 �42.641 0.204 0.099
Nerves [acetylcholinesterase] OU 86.604 78.342 89.048 �35.742 0.073 0.062
Capillarization (as indicated by alkaline phosphatase staining) OU 67.750 61.511 70.542 �27.006 0.212 0.120

Evolutionary parameters (log likelihood, s2, a) are shown only for the best-fitting models.
AICc: how well each evolutionary model fits a trait, with lowest values fitting best. Models within 2 values of each other were treated as equivalent.
s2 : rate of evolution.
a: in an OU model, alpha is the “rubber band parameter” quantifying the strength of attraction towards an optimum trait value. In an EB model, alpha is the rate change
parameter; positive values indicate accelerated rate through time and negative values indicate deceleration.

Table 3
Climate variables were log10 transformed before analysis.

Predicting Secretory coil [glycogen] levels Predicting Capillaries [alkaline phosphatase] levels

Parameter Estimate Std. error t value p Parameter Estimate Std. error t value p

Intercept �3.648 2.453 �1.487 0.163 Intercept �20.978 9.580 �2.199 0.071
Mean precipitation �0.901 0.330 �2.729 0.018 Mean precipitation �2.968 1.337 �2.220 0.068
Mean temperature 3.559 1.066 3.338 0.006 Mean temperature 12.619 4.204 3.002 0.024
Full model r2 ¼ 0.556, p ¼ 0.008, n ¼ 15, Pagel's lambda ¼ 1.00 Full model r2 ¼ 0.659, p ¼ 0.040, n ¼ 9, Pagel's lambda ¼ 0.00
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with our big brains and bodies and hot/arid evolutionary
environment.

The origins of and selective pressures driving the sweating
capacity of H. sapiens are largely unresolved (Lieberman, 2015).
Eccrine glands and body hair do not fossilize, so comparative study
of extant species is an important tool with which to investigate
these questions. Our results suggest several intriguing hypotheses.
First, we provide further evidence that natural selection has
favored increased thermoregulatory sweating in some nonhuman
primates in hot and arid environments despite the presence of
substantial body hair density and length. Therefore, we suggest
that this supports the idea that natural selection may have favored
initial increases in sweating before the significant body hair
reduction that occurred in the hominin lineage. While the timing
of body hair reduction is contentious, this would place the origins
of expanded sweating capacity with Australopithecus or even
earlier, as later genera were likely modern human-like in their
body hair characteristics (D�avid-Barrett and Dunbar, 2016).
Intriguingly, eccrine gland and hair follicle density are inversely
associated during development (Kamberov et al., 2015; Lu et al.,
2016), providing an elegant mechanism through which selection
may simultaneously increase the former and reduce the later.
However, given observations of thermoregulatory sweating in
(hairy) nonhuman primates, increased sweating capacity in
hominins may have occurred via increases in eccrine gland
glycogen storage and capillarization, prior to or concurrent with
decreasing hair follicle density. Second, increased locomotor ac-
tivity may not be a prerequisite for thermoregulatory sweating
adaptation. Climate appears to be the driving force in our primate
sample. Of course, hominin expansion into more open and semi-
arid habitats, regardless of timing, is thought to have been
accompanied by greater ranging (Wheeler, 1984) and thus
locomotion and climate may have exerted concurrent selective
pressures. Full-body eccrine gland distribution and slightly
enhanced sweat capacity per gland, perhaps accomplished in part
through increases in glycogen and capillarization and driven by
climate factors, may have set the stage for enhanced locomotor
activity in the genus Homo, including long distance walking and
running (Lieberman, 2015).

5. Conclusions

Eccrine gland glycogen content and capillarization were highly
correlated with climate variables and fit best with an OU evolu-
tionarymode, suggesting selection for increased eccrine function in
primates inhabiting hot and dry climates. Eccrine gland distribution
and abundance appear to have evolved near the bases of three
broad primate clades: strepsirrhines, catarrhines and platyrrhines.
Body surface eccrine glands in three platyrrhine species suggests
convergent evolution, mirroring a condition otherwise seen only in
catarrhines. Observed plasticity in several eccrine traits suggests
that selectionmay operate to heighten the acclimation responses of
increased glycogen content and capillarization, while gland distri-
bution measures have evolved as canalized adaptations. We sug-
gest that increases in eccrine function are not dependent upon
increased physical activity or reduced body hair. Therefore,
enhanced sweating capacity may have evolved in Australopithecus
or even earlier hominins, driven largely by climate. The additional
increase in modern human sweating capacity evolved later, con-
current with long distance walking and running. Elucidating the
roles of body hair and physical activity in the thermoregulatory
sweating of nonhuman catarrhines could inform our understand-
ing of the evolution of human sweating. To this end, further data are
needed regarding nonhuman primate reliance on



Figure 4. Capillarization of the eccrine gland secretory coil indicated by alkaline phosphatase staining. Values range from 1 (low) to 3 (high). Note that species shown above Pan do
not have body surface eccrine glands, so trait values are shown for pes/manus eccrine glands.
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thermoregulatory sweating, and possible correlations between
metabolic heat production (i.e., physical activity level) and eccrine
gland glycogen content and capillarization.

Acknowledgments

We thank two anonymous reviewers, the associate editor and
Mike Plavcan for constructive comments and guidance about our
paper.

Supplementary Online Material

Supplementary online material related to this article can be
found at https://doi.org/10.1016/j.jhevol.2017.12.003.
References

Adelman, S., Taylor, C.R., Heglund, N.C., 1975. Sweating on paws and palms: what is
its function? American Journal of Physiology 229, 1400e1402.

Aiello, L.C., Wheeler, P., 1995. The expensive-tissue hypothesis: the brain and the
digestive system in human and primate evolution. Current Anthropology 36,
199e221.

Arao, T., Perkins, E., 1969. The skin of primates. XLIII. Further observations on the
Philippine tarsier (Tarsius syrichta). American Journal of Physical Anthropology
31, 93e96.

Arnold, C., Matthews, L.J., Nunn, C.L., 2010. The 10kTrees website: a new online
resource for primate phylogeny. Evolutionary Anthropology 19, 114e118.

Blumenthal, S.A., Levin, N.E., Brown, F.H., Brugal, J.P., Chritz, K.L., Harris, J.M.,
Jehle, G.E., Cerling, T.E., 2017. Aridity and hominin environments. Proceedings of
the National Academy of Sciences 114, 7331e7336.

Bramble, D.M., Lieberman, D.E., 2004. Endurance running and the evolution of
Homo. Nature 432, 345e352.

https://doi.org/10.1016/j.jhevol.2017.12.003
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref1
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref1
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref1
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref2
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref2
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref2
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref2
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref3
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref3
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref3
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref3
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref4
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref4
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref4
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref5
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref5
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref5
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref5
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref6
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref6
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref6


A. Best, J.M. Kamilar / Journal of Human Evolution 117 (2018) 33e4342
Brodal, P., Ingjer, F., Hermansen, L., 1977. Capillary supply of skeletal muscle fibers in
untrained and endurance-trained men. American Journal of Physiology 232,
H705eH712.

Bullard, R.W., Dill, D.B., Yousef, M.K., 1970. Responses of the burro to desert heat
stress. Journal of Applied Physiology 29, 159e167.

Burnham, K.P., Anderson, D., 2002. Model Selection and Multi-model Inference: A
Practical Information-theoretic Approach. Springer-Verlag, New York.

Cain III, J.W., Krausman, P.R., Rosenstock, S.S., Turner, J.C., 2006. Mechanisms of
thermoregulation and water balance in desert ungulates. Wildl. Soc. Bull. 34,
570e581.

Carrier, D.R., Kapoor, A.K., Kimura, T., Nickels, M.K., Satwanti, Scott, E.C., So, J.K.,
Trinkaus, E., 1984. The energetic paradox of human running and hominid
evolution. Current Anthropology 25, 483e495.

Chaplin, G., Jablonski, N.G., Cable, N.T., 1994. Physiology, thermoregulation and
bipedalism. Journal of Human Evolution 27, 497e510.

Cooper, N., Purvis, A., 2010. Body size evolution in mammals: complexity in tempo
and mode. The American Naturalist 175, 727e738.

D�avid-Barrett, T., Dunbar, R.I., 2016. Bipedality and hair loss in human evolution
revisited: the impact of altitude and activity scheduling. Journal of Human
Evolution 94, 72e82.

Dobson, R.L., 1960. The effect of repeated episodes of profuse sweating on the
human eccrine sweat glands. Journal of Investigative Dermatology 35, 195e198.

Dobson, R.L., Abele, D.C., 1962. The correlation of structure and function in the
human eccrine sweat gland. Transactions of the Association of American Phy-
sicians 75, 242e252.

Dunbar, R., 1979. Energetics, thermoregulation and the behavioural ecology of
klipspringer. African Journal of Ecology 17, 217e230.

Ellis, R.A., Montagna, W., 1962. The skin of primates. VI. The skin of the gorilla
(Gorilla gorilla). American Journal of Physical Anthropology 20, 79e93.

Faul, F., Erdfelder, E., Lang, A.-G., Buchner, A., 2007. G*Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences.
Behavior Research Methods 39, 175e191.

Faul, F., Erdfelder, E., Buchner, A., Lang, A.-G., 2009. Statistical power analyses using
G*Power 3.1: tests for correlation and regression analyses. Behavior Research
Methods 41, 1149e1160.

Felsenstein, J., 1988. Phylogenies and quantitative characters. Annual Review of
Ecology and Systematics 19, 445e471.

Fleagle, J.G., 2013. Primate Adaptation and Evolution, Third ed. Academic Press, New
York.

Folk, G.E., Semken, A., 1991. The evolution of sweat glands. International Journal of
Biometeorology 35, 180e186.

Ford, D., Perkins, E., 1970. The skin of the chimpanzee. In: Bourne, G.H. (Ed.), The
Chimpanzee, vol. 3. Karger, Basel, pp. 82e119.

Freckleton, R.P., Harvey, P.H., 2006. Detecting non-Brownian trait evolution in
adaptive radiations. PLoS Biology 4, e373.

Gibbs, S., Collard, M., Wood, B., 2000. Soft-tissue characters in higher primate phy-
logenetics. Proceedings of the National Academy of Sciences 97, 11130e11132.

Grant, P.G., Hoff, C.J., 1975. The skin of primates. XLIV. Numerical taxonomy of
primate skin. American Journal of Physical Anthropology 42, 151e166.

Haim, A., Alma, A., Neuman, A., 2006. Body mass is a thermoregulatory adaptation
of diurnal rodents to the desert environment. Journal of Thermal Biology 31,
168e171.

Hansen, T.F., 1997. Stabilizing selection and the comparative analysis of adaptation.
Evolution 51, 1341e1351.

Harmon, L.J., Losos, J.B., Jonathan Davies, T., Gillespie, R.G., Gittleman, J.L., Bryan
Jennings, W., Kozak, K.H., McPeek, M.A., Moreno-Roark, F., Near, T.J., Purvis, A.,
2010. Early bursts of body size and shape evolution are rare in comparative
data. Evolution 64, 2385e2396.

Harmon, L., Weir, J., Brock, C., Glor, R., Challenger, W., Hunt, G., FitzJohn, R.,
Pennell, M., Slater, G., Brown, J., Uyeda, J., 2015. Package ‘geiger’. R Package
Version, 2(3).

Harris, D.R., 1980. Human Ecology in Savanna Environments. Academic Press, New
York.

Hiley, P., 1976. The thermoreculatory responses of the galago (Galago crassicauda-
tus), the baboon (Papio cynocephalus) and the chimpanzee (Pan stayrus) to heat
stress. Journal of Physiology 254, 657e671.

Hill, R.A., 2006. Thermal constraints on activity scheduling and habitat choice in
baboons. American Journal of Physical Anthropology 129, 242e249.

Ingjer, F., Brodal, P., 1978. Capillary supply of skeletal muscle fibers in untrained and
endurance-trained women. European Journal of Applied Physiology and
Occupational Physiology 38, 291e299.

Jablonski, N.G., 2004. The evolution of human skin and skin color. Annual Review of
Anthropology 33, 585e623.

Jablonski, N.G., Chaplin, G., 2000. The evolution of human skin coloration. Journal of
Human Evolution 39, 57e106.

Johnson, G.S., Elizondo, R.S., 1974. Eccrine sweat gland in Macaca mulatta: physi-
ology, histochemistry, and distribution. Journal of Applied Physiology 37,
814e820.

Johnson, G.S., Elizondo, R.S., 1979. Thermoregulation in Macaca mulatta: a thermal
balance study. Journal of Applied Physiology: Respiratory, Environmental &
Exercise Physiology 46, 268e277.

Jones, K.E., Bielby, J., Cardillo, M., Fritz, S.A., O'Dell, J., Orme, C.D.L., Safi, K.,
Sechrest, W., Boakes, E.H., Carbone, C., Connolly, C., 2009. PanTHERIA: a species-
level database of life history, ecology, and geography of extant and recently
extinct mammals. Ecology 90, 2648.

Kamberov, Y.G., Karlsson, E.K., Kamberova, G.L., Lieberman, D.E., Sabeti, P.C.,
Morgan, B.A., Tabin, C.J., 2015. A genetic basis of variation in eccrine sweat gland
and hair follicle density. Proceedings of the National Academy of Sciences
United States of America 112, 9932e9937.

Kamilar, J.M., Beaudrot, L., Reed, K.E., 2015. Climate and species richness predict the
phylogenetic structure of African mammal communities. PLoS One 10,
e0121808.

Kamilar, J.M., Cooper, N., 2013. Phylogenetic signal in primate behaviour, ecology
and life history. Philosophical Transactions of the Royal Society of London B
368, 20120341.

Kuno, Y., 1956. Human Perspiration. Bannerstone House, Springfield.
Lamb, D.R., Peter, J.B., Jeffress, R.N., Wallace, H.A., 1969. Glycogen, hexokinase, and

glycogen synthetase adaptations to exercise. American Journal of Physiology
217, 1628e1632.

Lande, R., 1976. Natural selection and random genetic drift in phenotypic evolution.
Evolution 30, 314e334.

Lemaire, R., 1967. Modes of thermolysis in the monkey Macacus nemestrina. Journal
of Physiology Paris 59, 257e258.

Lieberman, D.E., 2015. Human locomotion and heat loss: an evolutionary
perspective. Comprehensive Physiology 5, 99e117.

Lu, C.P., Polak, L., Keyes, B.E., Fuchs, E., 2016. Spatiotemporal antagonism in
mesenchymal-epithelial signaling in sweat versus hair fate decision. Science
354, aah6102.

Lojda, Z., 1979. Studies on dipeptidyl (amino) peptidase IV (glycyl-proline naph-
thylamidase). Histochemistry and Cell Biology 59, 153e166.

Losos, J.B., 2008. Phylogenetic niche conservatism, phylogenetic signal and the
relationship between phylogenetic relatedness and ecological similarity among
species. Ecology Letters 11, 995e1003.

Mahoney, S.A., 1980. Cost of locomotion and heat balance during rest and running
from 0 to 55 degrees C in a patas monkey. Journal of Applied Physiology:
Respiratory, Environmental & Exercise Physiology 49, 789e800.

Matsumoto, S., Ohkura, Y., 1960. Cytochemical studies on the sweat glands of the
monkey after pilocarpine injection. Okajimas Folia Anatomica Japonica 34,
523e551.

Montagna, W., 1962. The Structure and Function of Skin. Academic Press,
Providence.

Moran, M.D., 2003. Arguments for rejecting the sequential Bonferroni in ecological
studies. Oikos 100, 403e405.

Nakagawa, S., 2004. A farewell to Bonferroni: the problems of low statistical power
and publication bias. Behavioral Ecology 15, 1044e1045.

Newman, L., Cummings, E., Miller, J.L., Wright, H.J., 1970. Thermoregulatory Re-
sponses of Baboons Exposed to Heat Stress and Scopolamine. No. EA-TR-4434.
Fort Belvoir, Edgewood Arsenal Aberdeen Proving Ground, MD.

Nicholls, D.G., Locke, R.M., 1984. Thermogenic mechanisms in brown fat. Physio-
logical Reviews 64, 1e64.

Okuda, N., Kanai, M., Watari, N., Ohara, K., 1981. Morphological changes of the
eccrine sweat glands of Japanese monkey after heat acclimation: the mecha-
nism of peripheral adaptation. In: Contributions to Thermal Physiology: Pro-
ceedings of a Satellite Symposium of the 28th International Congress of
Physiological Sciences, P�ecs, Hungary. Pergamon, 32, pp. 293e295.

Organ, C., Nunn, C.L., Machanda, Z., Wrangham, R.W., 2011. Phylogenetic rate shifts
in feeding time during the evolution of Homo. Proceedings of the National
Academy of Sciences 108, 14555e14559.

Orme, D., 2013. The Caper Package: Comparative Analysis of Phylogenetics and
Evolution in R. R Package Version, 5(2).

Plavcan, J.M., van Schaik, C.P., Kappeler, P.M., 1995. Competition, coalitions and
canine size in primates. Journal of Human Evolution 28, 245e276.

Pontzer, H., Raichlen, D.A., Gordon, A.D., Schroepfer-Walker, K.K., Hare, B.,
O'Neill, M.C., Muldoon, K.M., Dunsworth, H.M., Wood, B.M., Isler, K., Burkart, J.,
2014. Primate energy expenditure and life history. Proceedings of the National
Academy of Sciences 111, 1433e1437.

R Development Core Team, 2017. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna.

Revell, L.J., 2012. Phytools: an R package for phylogenetic comparative biology (and
other things). Methods in Ecology and Evolution 3, 217e223.

Revell, L.J., Harmon, L.J., Collar, D.C., 2008. Phylogenetic signal, evolutionary process,
and rate. Systematic Biology 57, 591e601.

Rice, W.R., 1989. Analyzing tables of statistical tests. Evolution 43, 223e225.
Roberts, S.C., Dunbar, R.I., 1991. Climatic influences on the behavioural ecology of

Chanter's mountain reedbuck in Kenya. African Journal of Ecology 29, 316e329.
Rowan, J., Kamilar, J.M., Beaudrot, L., Reed, K.E., 2016. Strong influence of palae-

oclimate on the structure of modern African mammal communities. Pro-
ceedings of the Royal Society Series B 283, 20161207.

Ruxton, G.D., Wilkinson, D.M., 2011. Thermoregulation and endurance running in
extinct hominins: Wheeler's models revisited. Journal of Human Evolution 61,
169e175.

Saltin, B., Gollnick, P.D., 1983. Skeletal muscle adaptability: significance for meta-
bolism and performance. In: Peachey, L.D. (Ed.), Handbook of Physiology, Section
10, Skeletal Muscle. American Physiological Society, Bethesda, pp. 555e631.

Sato, K., 1977. The physiology, pharmacology, and biochemistry of the eccrine sweat
gland. Reviews of Physiology, Biochemistry & Pharmacology 79, 51e131.

http://refhub.elsevier.com/S0047-2484(17)30365-2/sref7
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref7
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref7
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref7
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref8
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref8
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref8
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref9
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref9
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref10
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref10
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref10
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref10
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref11
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref11
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref11
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref11
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref12
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref12
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref12
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref13
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref13
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref13
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref14
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref14
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref14
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref14
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref14
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref15
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref15
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref15
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref16
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref16
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref16
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref16
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref17
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref17
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref17
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref18
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref18
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref18
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref20
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref20
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref20
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref20
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref19
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref19
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref19
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref19
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref21
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref21
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref21
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref22
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref22
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref23
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref23
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref23
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref24
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref24
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref24
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref25
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref25
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref26
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref26
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref26
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref27
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref27
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref27
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref28
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref28
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref28
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref28
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref29
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref29
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref29
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref30
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref30
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref30
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref30
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref30
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref31
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref31
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref31
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref32
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref32
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref33
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref33
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref33
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref33
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref34
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref34
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref34
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref35
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref35
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref35
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref35
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref36
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref36
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref36
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref37
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref37
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref37
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref38
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref38
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref38
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref38
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref39
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref39
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref39
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref39
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref40
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref40
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref40
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref40
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref91
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref91
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref91
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref91
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref91
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref41
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref41
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref41
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref42
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref42
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref42
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref43
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref44
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref44
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref44
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref44
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref45
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref45
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref45
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref46
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref46
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref46
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref47
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref47
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref47
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref48
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref48
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref48
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref49
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref49
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref49
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref50
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref50
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref50
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref50
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref51
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref51
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref51
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref51
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref51
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref52
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref52
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref52
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref52
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref53
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref53
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref54
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref54
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref54
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref55
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref55
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref55
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref56
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref56
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref56
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref57
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref57
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref57
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref58
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref58
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref58
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref58
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref58
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref58
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref58
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref59
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref59
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref59
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref59
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref60
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref60
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref61
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref61
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref61
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref62
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref62
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref62
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref62
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref62
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref63
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref63
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref64
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref64
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref64
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref65
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref65
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref65
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref66
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref66
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref67
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref67
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref67
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref68
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref68
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref68
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref69
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref69
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref69
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref69
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref70
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref70
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref70
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref70
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref71
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref71
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref71
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref71


A. Best, J.M. Kamilar / Journal of Human Evolution 117 (2018) 33e43 43
Sato, K., Dobson, R.L., 1973. Glucose metabolism of the isolated eccrine sweat gland.
II. The relation between glucose metabolism and sodium transport. Journal of
Clinical Investigation 52, 2166e2177.

Sato, F., Owen, M., Matthes, R., Sato, K., Gisolfi, C.V., 1990. Functional and
morphological changes in the eccrine sweat gland with heat acclimation.
Journal of Applied Physiology 69, 232e236.

Schwartz, G.G., Rosenblum, L.A., 1981. Allometry of primate hair density and the
evolution of human hairlessness. American Journal of Physical Anthropology
55, 9e12.

Shelley, W.B., Mescon, H., 1952. Histochemical demonstration of secretory activity
in human eccrine sweat glands. Journal of Investigative Dermatology 18,
289e301.

Shoshani, J., Groves, C.P., Simons, E.L., Gunnell, G.F., 1996. Primate phylogeny:
morphological vs molecular results. Molecular Phylogenetics and Evolution 5,
102e154.

Smith, A.A., Dobson, R.L., 1966. Sweating and glycogenolysis in the palmar eccrine
sweat glands of the rhesus monkey. Journal of Investigative Dermatology 47,
313e316.

Speakman, J.R., Kr�ol, E., 2010a. Maximal heat dissipation capacity and hyperthermia
risk: Neglected key factors in the ecology of endotherms. Journal of Animal
Ecology 79, 726e746.

Speakman, J.R., Kr�ol, E., 2010b. The heat dissipation limit theory and evolution of life
histories in endothermsdtime to dispose of the disposable soma theory?
Integrative and Comparative Biology 50, 793e807.
Taylor, N.A., 2006. Ethnic differences in thermoregulation: genotypic versus
phenotypic heat adaptation. Journal of Thermal Biology 31, 90e104.

Taylor, N.A., 2014. Human heat adaptation. Compr. Physiol. 4, 325e365.
Terrien, J., Perret, M., Aujard, F., 2011. Behavioral thermoregulation in mammals: a

review. Frontiers in Bioscience 16, 1428e1444.
Torii, M., 1995. Maximal sweating rate in humans. Journal of Human Ergology 24,

137e152.
Walsberg, G.E., 1988. Consequences of skin color and fur properties for solar heat

gain and ultraviolet irradiance in two mammals. Journal of Comparative
Physiology B 158, 213e221.

Wheeler, P.E., 1984. The evolution of bipedality and loss of functional body hair in
hominids. Journal of Human Evolution 13, 91e98.

Wheeler, P.E., 1985. The loss of functional body hair in man: the influence of
thermal environment, body form and bipedality. Journal of Human Evolution
14, 23e28.

Wheeler, P.E., 1992. The influence of the loss of functional body hair on the water
budgets of early hominids. Journal of Human Evolution 23, 379e388.

Wheeler, B.C., Bradley, B.J., Kamilar, J.M., 2011. Predictors of orbital convergence in
primates: a test of the snake detection hypothesis of primate evolution. Journal
of Human Evolution 61, 233e242.

Whittow, G.C. (Ed.), 1971. Comparative Physiology of Thermoregulation. II: Mam-
mals. Academic Press, London.

Zihlman, A.L., Cohn, B.A., 1986. Responses of hominid skin to the savanna. South
African Journal of Science 82, 89e90.

http://refhub.elsevier.com/S0047-2484(17)30365-2/sref72
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref72
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref72
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref72
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref73
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref73
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref73
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref73
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref74
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref74
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref74
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref74
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref75
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref75
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref75
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref75
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref76
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref76
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref76
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref76
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref77
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref77
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref77
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref77
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref78
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref78
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref78
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref78
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref78
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref79
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref79
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref79
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref79
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref79
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref79
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref80
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref80
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref80
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref81
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref81
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref82
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref82
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref82
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref83
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref83
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref83
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref84
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref84
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref84
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref84
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref85
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref85
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref85
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref86
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref86
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref86
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref86
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref87
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref87
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref87
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref88
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref88
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref88
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref88
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref89
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref89
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref90
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref90
http://refhub.elsevier.com/S0047-2484(17)30365-2/sref90

	The evolution of eccrine sweat glands in human and nonhuman primates
	1. Introduction
	2. Methods
	2.1. Data sources
	2.2. Data analysis

	3. Results
	3.1. Phylogenetic signal
	3.2. Testing evolutionary models to explain trait variation
	3.3. Predicting eccrine gland traits from climate

	4. Discussion
	5. Conclusions
	Acknowledgments
	Supplementary Online Material
	References


