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Summary
Population density is known to influence acute measures of hypothalamic-pituitary-adrenal (HPA)
axis activity in a variety of species, including fish, deer, birds, and humans. However, the effects
of population density on levels of chronic stress are unknown. Given the fact that exposure to
chronically elevated levels of circulating glucocorticoids results in a host of health disparities in
animals and humans alike, it is important to understand how population density may impact
chronic stress. We assessed hair cortisol concentrations (HCCs), which are reliable indicators of
chronic HPA axis activity, in rhesus monkeys (Macaca mulatta) to determine the influence of
population density on these values. In Experiment 1, we compared HCCs of monkeys living in
high-density (HD; 1 monkey/0.87m2) and low-density (LD; 1 monkey/63.37m2) environments
(N=236 hair samples) and found that HD monkeys exhibited higher hair cortisol across all age
categories (infant, juvenile, young adult, adult, and aged) except infancy and aged (F(5)=4.240,
p=0.001), for which differences were nearly significant. HD monkeys also received more severe
fight wounds than LD monkeys (χ2=26.053, p<0.001), though no effects of dominance status
emerged. In Experiment 2, we examined how HCCs change with fluctuating population levels
across five years in the adult LD monkeys (N=155 hair samples) and found that increased
population density was significantly positively correlated with HCCs in this semi-naturalistic
population (r(s)=0.975, p=0.005). These are the first findings to demonstrate that increased
population density is associated with increased chronic, endogenous glucocorticoid exposure in a
nonhuman primate species. We discuss the implications of these findings with respect to
laboratory research, population ecology, and human epidemiology.
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Introduction
Population density is known to affect various indices of a population’s health. Animal
studies have demonstrated that increased population density results in reduced viability in
fruit flies (Lewontin, 1955); in reduced growth rates in land snails (Cameron and Carter,
1979), trout (Jenkins et al., 1999), and deer (Pettorelli et al., 2002); and in reduced
reproductive success in numerous species including song sparrows (Arcese and Smith,
1988), guppies (Dahlgren, 1979), and red deer (Bonenfant et al., 2002). In humans,
increased population density predicts emerging infectious disease events (Jones et al., 2008).

One potential underlying mechanism for these deleterious effects of population density may
be exposure to chronically elevated circulating glucocorticoids. Increased population density
may act as a stressor due to increased competition for resources including food, mates, and
shelter, among others. Evidence for this notion comes from a vast body of literature
describing the detrimental effects of long-term exposure to elevated glucocorticoids (i.e.,
corticosterone and cortisol). Chronic exposure to elevated glucocorticoid levels, whether via
persistent environmental stress or repeated administration of glucocorticoids, results in
reduced fetal growth (Jobe et al., 1998), growth suppression (Allen, 1996; Emack et al.,
2008), suppressed immune function (Dhabhar, 2009), reduced reproductive function
(Carragher et al., 1989; Chrousos et al., 1998; Pervanidou and Chrousos, 2012), and is also
neurotoxic, particularly to the hippocampus (Bodnoff et al., 1995; Conrad, 2008; Sapolsky
et al., 1990). Several animals have demonstrated increased glucocorticoid levels in response
to increased population density, including fish (Li et al., 2012; Vijayan and Leatherland,
1990), voles (Novikov and Moshkin, 1998), chipmunks (Clulow et al., 1969), deer (Li et al.,
2007), and primates (Pearson et al., 2007), including humans (Evans and Wener, 2007). One
limitation of these studies, however, is that they have relied either on “point” measures of
cortisol (i.e., serum/plasma/salivary cortisol) or on indices that reflect less than 1 day of
adrenocortical activity (i.e., urinary and fecal cortisol). Thus, while it is likely that
population density influences chronic HPA axis activity, this prediction has not been
examined outright.

In 2006, our laboratory developed and validated an assay for quantifying cortisol
concentrations in the hair of rhesus monkeys (Davenport et al., 2006). This technique has
since been applied in studies of chronic HPA axis activity (i.e., accumulation of cortisol into
the hair shaft over the past several months, as opposed to minutes or hours as in the point
samples mentioned above) in both animals (Bechchøft et al., 2012; Davenport et al., 2008;
Malcom et al., 2012; Meyer and Novak, 2012; Novak et al., 2013) and humans (O’Brien et
al., 2012; Vanaelst et al., 2013). Studies utilizing hair cortisol have shown that HCCs decline
during the first several years of life in several nonhuman primate species including rhesus
monkeys (Dettmer et al., 2012; Feng et al., 2011), vervets (Laudenslager et al., 2012), and
baboons (Fourie & Bernstein, 2011), and one study also demonstrated sex differences in
HCCs in nonhuman primates during puberty and adulthood (Laudenslager et al., 2012).
Moreover, several studies in both human and nonhuman primates have demonstrated
increases in HCCs in response to stressful events including relocation (in monkeys;
Davenport et al., 2008; Dettmer et al., 2012; Fairbanks et al, 2011), unemployment (in
humans; Dettenborn et al., 2010), and chronic health conditions (in humans; Thomson et al.,
2010; Van Uum et al., 2008). Thus, we sought to utilize the hair cortisol assay to test the
hypothesis that population density affects chronic physiological stress in nonhuman
primates. Specifically, we predicted that rhesus monkeys (Macaca mulatta) exposed to high-
density (HD) housing arrangements would exhibit higher hair cortisol concentrations
(HCCs) than those living in low-density (LD) conditions (Experiment 1), and that for
monkeys living in the LD (i.e., more naturalistic) environment, changes in population
density would predict HCCs (Experiment 2). We further sought to determine whether
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behavioral indices of stress resulted from increased population density by examining the
proportion of individuals in each housing condition that received severe fight wounds, as we
predicted that increased population density would result in increased rates of aggression and
thus increased fight wounds.

Materials and Methods
Experiment 1

Hair samples (N=236) were assayed from 152 rhesus macaques (Macaca mulatta; 30.5%
male) born and reared at the Laboratory of Comparative Ethology in Poolesville, MD.
Monkeys ranged in age from 0.5 to 18 years (mean±SEM=3.39±0.27 years) during hair
sampling, which occurred between 2007 and 2013. Monkeys were housed in one of two
conditions, described in detail below. Table 1 depicts subject characteristics for this
experiment.

High-density (HD) environment—Monkeys (n=58) were housed in one of two HD
enclosures depending on their age. The first type of enclosure, which housed infants (<1yr)
and adults (5+ yrs) used for this study, was an indoor-outdoor enclosure constructed of
galvanized steel mesh connected by guillotine doors and wood chips covering the floors.
Eight to 10 adult females and one adult male, along with 5-6 infants up to 8 months of age,
were housed together in this type of enclosure. Multiple perches, swings, and enrichment
devices were provided. The indoor pen measured 2.44 × 3.05 × 2.21m, and the outdoor pen
measured 2.44 × 3.0 × 2.44m. Animals were given free access between indoor and outdoor
pens except when confined to one half for cleaning (twice per week), laboratory protocol
procedures, or inclement weather (e.g., 4°C or below, a very rare occurrence). Inside
lighting was maintained on a 12:12 cycle (0700-1900), and the outdoor portion of the
enclosure was exposed to ambient lighting. Monkeys were fed Purina High Protein Monkey
Chow (#5038) twice daily and received water ad libitum. Supplemental fruit and other
foraging materials such as peanuts or sunflower seeds were provided daily. Monkeys from
four of these types of enclosure were studied, with population density in each enclosure
being approximately one monkey per 0.87m2.

The second HD enclosure was used to house young monkeys from the time of weaning
through adolescence; thus monkeys lived in this enclosure from 8 months (when they were
moved from the first HD enclosure) through 24 months of age. These monkeys represented
all infants born in a cohort (i.e., infants born each year; approximately 40-50 per year) from
all of our laboratory’s rearing conditions: mother-peer-reared (MPR; these infants were
reared in the first type of HD enclosure), peer-reared (PR), and surrogate-peer-reared (SPR).
PR and SPR monkeys were reared in a neonatal nursery from birth through 8 months
(Shannon et al., 1998; Dettmer et al., 2012); these infants were not included in the present
study. This second HD enclosure was also indoor/outdoor; the indoor enclosure measured
7.3 × 3.4 × 3.7m and was equipped with perches, barrel, swings, and wood shavings on the
floor. The outdoor enclosure was a circular corn-crib measuring 5.03m in diameter × 5.48m
high, and was also equipped with perches, barrels, and swings but had a bare cement floor.
Cleaning and lighting schedules, as well as food, water, and indoor-outdoor access were the
same as for the first HD enclosure described above. Population density in this enclosure was
approximately one monkey per 1.05m2.

Low-density (LD) environment—Monkeys in this environment (n=94) lived in a 5-acre
outdoor field enclosure with access to three indoor enclosures measuring 2.74 × 5.79 ×
4.27m, where food, foraging enrichment, and indoor shelter were provided. Indoor
enclosures were equipped with swings and perches. The field station consisted of a grass-
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covered substrate and natural foliage (e.g., cedar trees, honeysuckle bushes, tall grasses) as
well as climbing apparatus (e.g., jungle gym, swings/perches) and small shelters (e.g., corn-
cribs and tree huts) for outdoor access to shelter from inclement weather. Monkeys in the
LD condition were born and reared in this enclosure throughout the duration of the study.
Cleaning and lighting schedules, as well as food, water, and indoor-outdoor access were the
same as for the first HD enclosure described above, with the exception that animals were not
locked inside for inclement weather or for cleaning of shelters located in the field station.
That is, monkeys in the LD enclosure had plentiful space to relocate during these cleaning
times and as such were not greatly disturbed by these procedures. The population in this
enclosure averaged 74.4 monkeys over the five years of the study; thus population density
was approximately one monkey per 63.37m2.

Subjects in each housing condition were divided into the following age groups: infant (<1yr,
n=37), one-year-olds (1yr, n=80), two-year-olds (2yr, n=61), young adults (5-9yr, n=30),
adults (10-14yr, n=24), and aged (15+yr, n=6). Table 1 depicts the subjects by age and
housing condition. Because very few samples were available for three- and four-year-old
monkeys in the HD condition, these ages were not included in analyses.

Fight wounds—We examined veterinary records of each subject in Experiment 1 to
determine the incidence of fight wounds in the HD and LD conditions. From these records,
we calculated the proportion of animals in each age category that received severe fight
wounds, i.e., those requiring veterinary treatment, as these types of wounds indicated
extreme levels of aggression and thus served as an index of behavioral stress.

Experiment 2
Hair samples (N=155) were collected from adult rhesus monkeys (4 years or older at the
time of sampling; mean±SEM=12.10±3.4% male), born and reared in the LCE’s 5-acre field
enclosure (LD condition), in February of 2007, 2008, 2009, 2010, and 2013. Because we
have observed an age-related decline in HCCs in both our HD and LD populations (see
Figure 1), and because others have also observed age-related declines in HCCs across
development (Feng et al., 2011; Fouric & Bernstein, 2011; Laudenslager et al., 2012), we
included only adult animals (4 years or older) to determine whether population density
affected HCCs in adult monkeys. Thus, the sample sizes (i.e., number of adult hair samples)
for each year were as follows: 2007, n=37; 2008, n=34; 2009, n=32; 2010, n=22; 2013,
n=30 (total N=155 hair samples). Owing to changes in research personnel in 2011 and the
first part of 2012, hair samples for February in these years were not available. Of importance
to this experiment, a matrilineal overthrow occurred in this population in March 2009,
resulting in the removal of most of one of the three major families living here over the next
6-8 months (i.e., the family that was overthrown). Subjects for this experiment were housed
in the same conditions as in the LD condition for Experiment 1 (and many animals
contributed the same samples to both experiments).

The total population in the field station was recorded at the time of each hair sample to
correlate population density with HCCs.

Dominance status
Because dominance status has been shown to influence chronic stress in adult monkeys
(Michopoulos et al., 2012; Sapolsky, 2005; Shively et al., 1997), we assessed the influence
of dominance status on HCCs for both Experiments 1 and 2. Adult male and female
monkeys were classified as high- (1), middle- (2), or low-ranking (3) by animal care staff,
who observed each animal on a daily basis for health status and who made routine notes of
agonistic interactions (e.g., threat, displace, chase, fight/tackle, bite) between subjects. High-
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ranking monkeys were those that never or very rarely received agonistic behaviors from
other monkeys; middle-ranking monkeys were those that received agonistic behaviors from
high-ranking monkeys but not from low-ranking monkeys and directed agonistic behaviors
to low-ranking monkeys; and low-ranking monkeys never or rarely directed agonistic
behaviors toward other monkeys but most often received agonistic behaviors from high- and
middle-ranking monkeys. These rankings were in place prior to the onset of the study; inter-
observer reliability was achieved by having trained researchers record all agonistic
interactions between monkeys in daily, 60-min observation sessions. After these
observations, interactions were entered into a database and Elo ranks were calculated for
each social group (Elo, 1978). Elo-rating is a method for ranking individuals with numerous
advantages over conventional matrix-based methods that has been established for use in
behavioral research (Neumann et al., 2011). Inter-observer reliability between research staff
conducting the formal observations was achieved at or above 85%; the dominance rankings
produced by Elo rankings were in agreement with those conducted by animal care staff at
≥90%. In the HD condition, of the 27 adult animals for which dominance status were
available, 9 were high-ranking, 9 were middle- and 9 were low-ranking. In the LD
condition, of the 25 adult animals for which dominance data were available, 10 were high-
ranking, 12 were middle- and 3 were low-ranking.

Hair sampling and cortisol assay
Hair samples for both experiments were collected between February 2007 and February
2013. Hair was always shaved from the same location on the back of the neck during routine
health exams. Samples were placed in an aluminum foil pouch and stored in the dark at
room temperature until assay, which occurred within one month of hair collection
(Davenport et al., 2006; Dettmer et al., 2012). Our laboratory validated, and has since
published numerous studies on, the hair cortisol assay in rhesus monkeys (Davenport et al.,
2006; 2008; Dettmer et al., 2009; 2012) and other animals (Bechshøft et al., 2011). Briefly,
hair samples were weighed, washed twice with isopropanol, allowed to air dry for 5-7 days,
then ground to a fine powder with a ball mill grinder (MM200; Retsch, Newtown, PA)
before being incubated in methanol for 24hr to extract cortisol from the samples. Aliquots of
the methanol extract were then dried down and reconstituted with assay buffer prior to being
analyzed via enzyme immunoassay (EIA) using a salivary cortisol kit (#1-3002; Salimetrics,
State College, PA). Resulting values (μg/dL) were converted to pg/mg for analysis. Inter-
and intra-assay coefficients of variation were <8% based on aliquots of the same extracted
pooled hair sample analyzed repeatedly across assays. For Experiment 2, annual HCC
values for monkeys in the field station (LD condition) were correlated with maximum
population density in a given year.

Statistical analysis
Experiment 1—All HCC values were log transformed to meet the assumptions of
normality prior to analysis. Univariate analysis of variance (ANOVA) was employed to test
for the effects of housing condition (HD vs. LD), age, sex, and dominance status on HCCs.
Post-hoc Tukey’s HSD tests were used to determine statistically significant differences in
HCCs for age and dominance status. Chi-square tests examined differences in wounding
rates in HD and LD monkeys across each age category.

Experiment 2—The sample sizes (i.e., number of available hair samples from adult
monkeys) for each year were as follows: 2007, n=37; 2008, n=34; 2009, n=32; 2010, n=22;
2013, n=30 (total N=155 hair samples). Two outliers, an individual from 2008 and one from
2013, each of which had HCCs at least three times as high as the highest value in that year,
were identified and removed from the dataset prior to analysis. All HCC values were log
transformed to meet the assumptions of normality prior to analysis. Univariate ANOVA was
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employed to test for the effects of year, sex, and dominance status on HCCs. Post-hoc
Tukey’s HSD tests were used to determine statistically significant differences in HCCs
based on year and dominance status. Spearman correlations assessed the relationship
between total population density and average values of adult HCCs across the five years
(2007, 2008, 2009, 2010, 2013); thus five pairs of values were used in the correlation
analysis.

Results
Experiment 1

Significant main effects of housing condition (LD vs. HD; F(1)=98.79, p<0.001) and age
category (<1, 1yr, 2yr, young adult, adult, aged; F(5)=29.48, p<0.001) on HCC were
revealed. HD monkeys exhibited significantly higher HCCs than LD monkeys (125.89±6.50
vs. 70.71±3.28 pg/mg; Table 2). Infants, 1-year-olds, and 2-year-olds exhibited higher HCCs
than any adults (Infants: 158.23±9.38 pg/mg; 1yr: 94.91±5.96 pg/mg; 2yr: 77.08±4.59 pg/
mg; young adults, adults, and aged monkeys’ average HCC ranged from 56.13±4.70 to
63.02±8.00 pg/mg). No effect of sex on HCCs was present (p>0.50). A significant housing ×
age category interaction was revealed (F(5)=4.240, p=0.001) such that HD monkeys
exhibited significantly higher hair cortisol than LD monkeys at 1yr, 2yr, 5-9yr, 10-14yr (all
p’s<0.001), and 15+ yr (t(5)=2.942, p=0.021), and the difference was nearly significant for
infants (t(35)=1.907, p=0.067; Figure 1; Table 2). Interactions for housing × sex, age
category × sex and housing × age category × sex were not significant (p’s>0.50). No
significant main effects for dominance status emerged (p>0.50), but a significant housing ×
dominance interaction was revealed (F(2)=3.28, p=0.047) such that HD monkeys exhibited
higher hair cortisol concentrations than LD monkeys for all dominance ranks (all p’s<0.01;
Table 2). Figure 1 depicts HCC values for HD and LD monkeys across age categories. Table
2 shows higher HCCs for HD as compared to LD monkeys by age category, sex, and
dominance.

Overall, a significantly greater proportion of HD than LD monkeys received severe fight
wounds (χ2=26.053, p<0.001). Further analyses revealed that these differences were
significant at 1yr (χ2=4.881, p=0.041) and for young adults (5-9yr; 2=9.159, p=0.004; Figure
2).

Experiment 2
Figure 3 shows HCC average values for adult monkeys housed in the LD condition across
the five years of the study. Significant main effects of year (F(4)=10.65, p<0.001) and sex
(F(1)=5.12, p=0.026) were revealed. No effect of dominance status was revealed, nor were
there any interactions. Post-hoc tests revealed that HCCs in 2007 were greater than HCCs in
2010 and 2013; HCCs in 2008 were greater than HCCs in 2009, 2010, and 2013; and HCCs
in 2009 were less than HCCs in 2008 and greater than HCCs in 2010 (all p’s<0.05). For
clarity, asterisks in Figure 3 indicate significant differences from the previous year. Overall,
HCCs were higher for adult females (55.81±2.29 pg/mg) than for males (45.39±4.06 pg/
mg).

HCCs were significantly positively correlated with total population density values across the
five years of the study (r(s)=0.975, p=0.005; Figure 4).

Discussion
We discovered that higher population density is associated with increased hair cortisol
concentrations (HCCs), a reliable indicator of integrated HPA axis activity, in captive rhesus
monkeys. This was true for HD monkeys as compared to LD monkeys, as well as for LD
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monkeys living in a semi-naturalistic environment and experiencing fluctuations in
population density. Although the present findings are correlational in nature, they strongly
suggest that population density influences chronic levels of circulating glucocorticoids,
which has important implications for nonhuman primate well-being, population ecology,
and human health.

Monkeys living in a high-density (HD) environment exhibited higher HCCs than those
living in a low-density (LD) environment at all ages we examined. In addition, we observed
an age-related decline in HCCs that has been previously observed in primates, including
humans, with the highest levels recorded during infancy (Davenport et al., 2003; Feng et al.,
2011; Grunau et al., 2007; Laudenslager et al., 2012). Regarding the near-significant
differences in HCCs at different population densities in infancy (Figure 1), it is possible that
the physiological effects of dense living conditions are not realized until later in
development, though further experiments assessing HCCs more frequently throughout the
first year of life would be necessary to determine this relationship. Moreover, in human
infants, corticosteroid binding globulin (CBG) levels are low, resulting in higher levels of
“free” unbound cortisol in plasma (Hadjian et al., 1975; Gunnar and Donzella, 1992); if the
same is true in nonhuman primates, it could explain the high HCC levels we observed in
infancy, as HCC levels are also thought to reflect the “free” fraction of cortisol in the
bloodstream (Davenport et al., 2006). Despite the high levels of HCCs in infancy in both
housing conditions, the fact that HCCs were higher amongst HD monkeys in all age groups
suggests that a more dense living arrangement influences long-term HPA axis activity
regardless of age. We also determined that even semi-free ranging monkeys living in a very
LD environment showed increased HCCs as population density increased; as population
levels declined, HCCs declined as well. Thus it appears that monkeys living in a variety of
housing conditions are susceptible to the chronic stress that may result from long-term
crowding, as well as from fluctuations in population density. Our data showing a higher
incidence of fight wounds in HD vs. LD monkeys support this notion. Our laboratory is
currently conducting studies to determine the relationship between population density,
HCCs, and other potential deleterious outcomes of high density including hair loss,
behavioral withdrawal, and reproductive consequences (e.g., infant mortality). Such findings
will have important implications for behaviorists, enrichment specialists, directors, and other
staff and research personnel working with captive nonhuman primates, whether they are
housed in zoos or in laboratory settings.

In Experiment 1, we observed no difference in HCCs between males and females. While at
first glance these results conflict with other reports demonstrating lower HCCs in males than
in females (e.g., Laudenslager et al., 2012), a closer examination reveals that Laudenslager
et al. (2012) reported lower HCCs in males at puberty and beyond, whereas our results are
likely driven by the fact that, in Experiment 1, we had very few samples from males 3 years
and older (as in Laudenslager et al., 2012). We had more hair samples from male subjects
aged 0-2yrs (n=75) than from young adult, adult, or aged males (n=4). Thus, the observed
age-related decline in HCCs may be particularly noticeable for males in our study; it is
likely that if we had been able to sample more pubertal and adult males we may have
observed a similar sex difference to Laudenslager et al (2012). This notion is supported by
our results from Experiment 2, which focused only on adults aged 4 years and older and
showed lower overall HCCs in males than in females, which is in line with findings by
Laudenslager et al. (2012).

The behavioral changes we observed (i.e., increased aggression as evidenced by increased
fight wounds) brought on by increases in population density may themselves stimulate the
HPA axis. Past studies in rhesus monkeys, including one by Boyce et al. (1998) at our LD
facility examining the effects of short-term confinement, as well as work by Judge and De
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Waal (1997) studying short-term increases in population density, report density-related
increases in the incidence of fight wounds (Boyce et al., 1998) and certain patterns of
aggression (Judge and De Waal, 1997). Our results are also in line with very recent findings
in chimpanzees, in which higher HCCs were correlated with higher received rates of
aggression (Yamanashi et al., 2013). While it is likely that the psychological stress resulting
from increased aggression in our HD population may have resulted in increased long-term
cortisol secretion, an alternative explanation is that HCCs were increased simply because in
this setting, there was no place to hide and/or escape from aggressors as there was in the LD
study. Our data are only correlational and thus cannot prove causality of this relationship,
and further studies examining fluctuations in density in the HD condition are warranted to
tease apart this relationship. However, it is probable that the “no room to hide” variable is
partially a function of population density itself; had fewer animals been present in the HD
condition, there would be less of a need to flee, and more space to do so if necessary. In
support of this notion, Judge and de Waal (1997) found that as population density increased,
female rhesus monkeys increased all types of behavior, including contact and non-contact
aggression. Our HD environments consisted of 6-8 adult females and only 1 adult male; thus
it is reasonable to assume that, as in Judge and de Waal’s study (1997), increased population
density results in increased aggression, which goes hand-in-hand with having no place to
hide. Thus it is likely that many variables related to population density work in concert to
raise HCCs in the HD condition.

The fact that we observed no relationship between dominance status and HCCs in either the
HD or LD setting confirms previous reports showing no effect of dominance status on acute
measures of cortisol in stable social groups of some other primates (Bercovitch & Clarke,
1995; Hoffman et al., 2010; Stavisky et al., 2001); however, it should be noted that the
relationship between dominance and cortisol has been found to be species- and sex-
dependent (Abbott et al., 2003). Rather, acute levels of cortisol (i.e., those measured in
plasma, saliva, or urine) are higher in most individuals regardless of rank during periods of
rank instability (Chamove & Bowman, 1978; Sapolsky, 1992).

Our findings extend beyond captive environments to naturalistic environments as well. The
fact that we found that HCCs in semi-free ranging monkeys fluctuated closely with
population density suggests that wild populations of primates, and indeed other animals,
might experience similar physiological stress in crowded living conditions. Habitat
destruction is one type of insult that may lead to overcrowding and, consequently, elevated
adrenocortical activity. Indeed, wild populations of fish, deer, chipmunks, and birds all
present with higher acute glucocorticoid levels in response to increased population density
(Li et al., 2007; Nephew and Romero, 2003; Ramsay et al., 2006). In light of the findings we
report here, it is possible that wild primates may experience chronic as well as acute
physiological stress as population density increases. Given that exposure to chronically
elevated circulating glucocorticoids results in reduced immune function and fecundity,
amongst a host of other health issues (Chrousos and Gold, 1992), our results suggest that
efforts aimed at reducing population density are especially critical for at-risk animal
populations. Unfortunately, we were unable to assess the short-term effects of the
matrilineal overthrow of March 2009 in this population, as hair samples were only available
in the month prior to the overthrow and again one year later. However, it appears that the
resulting removal of the overthrown family, which drastically reduced the population
density in the LD condition, may have contributed to the significant decrease in adult HCCs
from 2009 to 2010.

Humans, too, are susceptible to the stresses of crowded living conditions. Higher acute
measures of cortisol have been reported for youth and young adults living in crowded
residential dwellings (Aiello and Baum, 1979; Evans and Marcynyszyn, 2004). Elevated
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baseline and stress-response plasma cortisol, as well as a greater prevalence of hypertension,
have been reported for African adults undergoing urbanization (Malan et al., 1992; Opie et
al., 2005), and greater perceived stress in the perinatal period has been reported for U.S.
women living in urban versus rural areas (Zust et al., 2010). Thus, there is little reason to
doubt that more crowded, urban living conditions would also result in higher chronic stress
as compared to less crowded, rural living conditions. The chronic stress brought on by
crowded living conditions may account for density-dependent transmission of many diseases
(Bharti et al., 2011; Yang et al., 2012), as elevated cortisol levels are known to suppress
immune function (Marik and Flemmer, 2012); this immunosuppression could exacerbate
heightened disease vulnerability in overcrowded conditions. Accordingly, our findings have
important implications for human epidemiology, particularly as the world’s population
continues to grow and cities are becoming more crowded (World Bank, 2012). Hair cortisol
may indeed prove useful as a biomarker for a number of stress-related health disparities in
humans and animals and will be an invaluable tool in studies of social pathology and
medical epidemiology.
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Figure 1.
Results for Experiment 1. Monkeys in the high-density (HD; solid bars) housing condition
exhibited higher hair cortisol concentrations (HCCs) than monkeys in the low-density (LD;
open bars) condition across all ages. *p<0.05, #0.05≤p≤0.10.
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Figure 2.
Incidence of severe fight wounds across all ages for HD monkeys (solid bars) and LD
monkeys (open bars). *p<0.05.
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Figure 3.
Results for Experiment 2. For monkeys reared in a semi-naturalistic environment (LD
condition), hair cortisol concentrations (HCCs) fluctuated with population levels. *indicates
significant change in HCCs from previous year.
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Figure 4.
For monkeys housed in the LD condition, hair cortisol concentrations (HCCs) were
significantly positively correlated with maximum population (r(s)=0.866, p=0.005). Numbers
next to black circles indicate the year of sampling.
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Table 1

Subject characteristics for Experiment 1. HD=high density; LD=low density.

Age Category HD LD Total

Infant (<lyr) 20 17 37

lyr 19 60 80

2yr 13 46 61

Young Adult (5-9yr) 19 11 30

Adult (10-14yr) 14 10 24

Aged(15+yr) 3 4 6

Total 88 148 236
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Table 2

Hair Cortisol concentrations (HCCs) for Experiment 1. All HCCs are reported as mean±SEM pg/mg.

HD Hair Cortisol (na) LD Hair Cortisol (na) Pb

Infant 172.94±12.36 (20) 140.92±13.53 (17) 0.067

1-yr 170.81±10.76(19) 70.88±3.14(60) <0.001

Age 2-yr 124.55±8.33 (13) 63.73±3.73 (46) <0.001

Young Adult (5-9yr) 77.66±10.42 (19) 37.74±8.21 (11) <0.001

Adult (10-14yr) 72.56±3.75 (14) 33.12±2.46(10) <0.001

Aged (15+ yr) 87.93±27.19(3) 32.53±3.67(4) 0.075

Sex Male 151.48±11.16(25) 66.31±4.28(54) <0.001

Female 115.73±7.61 (63) 73.14±4.61 (94) <0.001

High-Ranking 60.53±3.54(9) 40.09±8.90 (10) <0.01

Dominance Status Middle-Ranking 81.43±10.62(9) 30.55±2.60 (10) <0.001

Low-Ranking 77.50±5.14(9) 34.00±1.92(5) <0.001

TOTAL 125.89±6.50 (88) 70.65±3.32(148) <0.001

a
(n)represents the number of hair samples used for analysis.

b
P values indicate differences between HD and LD HCCs for each variable.
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