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ABSTRACT

Primates develop slowly relative to their body size, a pattern posited to result from e
contributes to allostatic load in juveniles. Using data collected over 8 consecutive
peptide) and how energy balance, life history status, and social competition related t:
metabolites, dfGCs) in 41 wild juvenile blue monkeys from 3 social groups. Juvenile en
and when rainfall was lower. Energy balance, but not life history or comgetiti

lower mean dfGCs when they had higher energy balance. An additional
dfGCs when they groomed less, and played more. Time spent grooming
groomed more actually had higher dfGCs when they had higher energy b!
factor in blue monkeys, and suggest that navigating the social environmer}
endeavor during development.

1cal risk aversion. Little 8 known, however, about how energy balance
variation in energy balance (as measured by urinary C-
easured by deviation from baseline fecal glucocorticoid
her among females, when ripe fruit was more available,

1. Introduction
Extended juvenile periods in pi

remain vulnerable both to
et al., 2003; O'Mara, 20

redation (Janson
nown, however,

tors in wild populations have fo-
€ explored primarily during infancy or
and Kramer, 2005). In group-living species, adults
ial ties to ameliorate environmental challenges
and navigate comp ve social environments (Cords and Thompson,
2017); nevertheless, how affiliative ties relate to allostatic load during
the juvenile period has been largely overlooked.

Juveniles, which are neither dependent on parental care nor yet
reproductively active, are particularly vulnerable to the negative effects

cused on &
senescence
can use affiliat

of food shortage because of the energetic demands of physical growth
and brain development (Douhard et al., 2014; Janson et al., 2003;
Kuzawa et al., 2014). In addition, they are vulnerable to social com-
petition from older and larger individuals because of their small size
and relative inexperience (Pereira and Fairbanks, 2003; Stanton et al.,
2011). Meeting growth requirements, particularly in the face of re-
source instability and competitive exclusion, can increase individuals'
exposure to predators during foraging, disrupt cell function, and ad-
vance the deterioration of telomeres (Metcalfe and Monaghan, 2001).
In baboons, for example, females have shorter lifespans if they experi-
ence a combination of poor nutritional and social conditions during
development, such as early maternal loss, competing siblings, and
drought during the first year of life (Altmann, 1991; Tung et al., 2016).
Understanding how energy balance contributes to juveniles' short-term
allostatic costs therefore helps clarify both how long-term damage may
accumulate and how life histories can evolve to trade off fast growth for
adult health and competence.

Circulating concentrations of glucocorticoids (GCs) are one critical
mediator of allostasis (Goymann and Wingfield, 2004; Romero et al.,
2009), as they mobilize energy to cope with challenges to homeostasis
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and inhibit bodily maintenance that is not immediately essential for
survival (Sapolsky et al., 2000). Because of their metabolic function,
elevated GC concentrations indicate that individuals experience stres-
sors in the environment and must expend energy to navigate them. If
individuals sustain GC concentrations higher than those within their
reactive scope, their physiological systems can succumb to allostatic
load or wear and tear (Romero et al., 2009), with negative effects on
cardiovascular health, fertility, and memory (Sapolsky et al., 2000).
Whether such chronic elevations of GCs directly reduce fitness, or even
regularly occur in wild-living animals, is not clear (Beehner and
Bergman, 2017; Boonstra, 2013), however elevated GCs, particularly in
tandem with food shortages, may signal that individuals are vulnerable
to disease or death (Bonier et al., 2009; Pride, 2005; Wilkening and
Ray, 2016).

Food shortages can lead individuals into negative energy balance
and, in several vertebrates, cause increased glucocorticoid secretion to
mobilize energy for daily activities and bodily maintenance (Bonier
et al., 2009). A food shortage associated with an El Nifio event caused
iguanas in the Galapagos to lose body mass, which led to large spikes in
GCs (Romero and Wikelski, 2001). The iguanas with the highest GCs
were most likely to die during the year. Food shortage during periods of
great energetic demand, such as reproduction and growth, can lead to
pronounced energetic deficiencies. For example, low-ranking adult fe-
male blue monkeys had higher GCs than high-ranking females when
undergoing the energetically costly process of lactating (Foerster et al.,
2011).

Energy balance is defined as the rate of energy intake minus the rate
of energy expenditure (Hall et al., 2012) and is difficult to calculate
precisely for wild animals. Specifically, measuring expenditure requlres
administering doubly labeled water (Schoeller, 1988) and meas
intake requires records of all items consumed and their caloric ¢
C-peptide of insulin (hereafter, CP), however, is one biomarke
corresponds with energy balance and can be analyzed relatively e
from field collected urine samples (Emery Thompson g

mass (Deschner et al., 2008; Girard-Buttoz e
energy balance to the brain (Emery Thom

biomarker to assess whether allo
ergy balance.

Both energy balance an
groups. Group living c
through indirect scra

ping individuals to avoid harassment
nd Assamese macaques, Cameron et al., 2009;
Haunhorst et al. k), peaceably co-feed (baboons, King et al., 2011),
and maintain bod ontact for homeothermy (Barbary macaques,
Lehmann et al., 2016; McFarland et al., 2015). Close affiliates may also
buffer the experience of stressors via socio-positive contact (Crockford
et al., 2013; Heinrichs et al., 2003; Hostinar et al., 2014; Kikusui et al.,
2006; Young et al.,, 2014). In some studies of captive animals, GC
concentrations are lower among individuals with even a single familiar
social partner during a stressful event (e.g. experimental transfer to a
new social group, rhesus macaques, Gust et al., 1996) and among those
that engage more frequently in social play (marmosets, Mustoe et al.,
2014). Nevertheless, as juveniles are navigating a relatively novel social
environment, social interaction may present more challenges than
support. For example, post-fledgling ravens and juvenile chimpanzees
that spent more time in friendly and cooperative interactions with
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partners had higher GC concentrations (Anestis, 2005; Stoewe et al.,
2008). Together, these studies suggest that juveniles may actually bear
some physiological cost of affiliative interaction.

We examined the relationship of internal and external environ-
mental challenges with allostatic load among juveniles in wild blue
monkeys. These monkeys are group-living and inhabit an environment
with seasonal fluctuations in both fruit availability and rainfall
(Mitchell, 2009; Pazol and Cords, 2005). Juvenile blue monkeys face
challenges similar to those of other juvenile animals: they receive more
agonism compared to adult females (Cords et al., 2010) and have a
wider range of annual mortalities (Cords and Chowdhury, 2010), which
are possibly related to variation in food avai and predation. They

fore puberty in blue monkeys (Leigh, 1995), we
hallenges of matching intake with expenditure

e with lower maternal dominance rank (via losses in direct
petition, P4). We predicted the latter also because energetic
tress is higher among low vs. high ranking adult females during lac-
tation (Foerster et al., 2011), an energetic demand perhaps similar to
juveniles' physical growth.

Aim 2 was to then assess how allostatic load varied according to life
history, competitive environments, and energy balance. We predicted
that individuals with higher energy balance would have lower GC
concentrations (P5) and that the threat of aggression associated with
lower maternal dominance rank would cause low ranking juveniles to
have higher GCs (P6).

Lastly, we conducted an exploratory analysis of the relationships
between broadly characterized social strategies and allostatic load in
juveniles (Aim 3). As blue monkeys interact infrequently relative to
other cercopithecines, such as baboons and macaques, (Cords, 2000),
we undertook this exploration to determine if any suggestive relation-
ships between sociality and allostatic load exist, which could be tested
in a future, more focused behavioral study. We first characterized ju-
veniles' multi-dimensional social strategies in 2-mo periods, including
affiliative and agonistic behavior, using a principal components ana-
lysis (Aim 3a). We then assessed how average GC levels in each period
related to social strategies, energy balance, life history variables, and
social status from the corresponding time period (Aim 3b). We pre-
dicted that social strategies involving positive social contact, such as
social play or grooming, would also correspond with lower GC con-
centrations (P7), and that strategies involving a high receipt of ag-
gression would correspond with higher GCs (P8). We predicted that
affiliative behavior would buffer the relationship between stressors and
GCs as seen under Aim 2 (P9).

2. Methods
2.1. Study site and population

The wild study population inhabits the Isecheno area of Kakamega
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Forest in western Kenya (0°19’ N, 34°52’ E; elevation 1580 m, mean
annual rainfall 1997-2011 1942 mm; (Mitchell, 2009). We collected
data on 41 pre-pubertal juveniles (22 males, 19 females, mean age
4.4 = 1.7 yrs) for 8 months (August 2015 — March 2016). Subjects
lived in 3 social groups that neighbored one another (mean group size:
37-65 individuals; mean juveniles per group: 16-31), and male juve-
niles of neighboring groups often interacted with one another. Subjects
were individually identifiable by their natural physical variation. Sub-
jects' ages were known from precise, long-term demographic records of
the study population (Cords, 2012). A team of 4 observers, including
author NAT, collected all biomarker and behavioral samples after a 2-
month training period to ensure inter-observer agreement in behavioral
coding. Training ended when observers reached 90% agreement in
behavioral coding and NAT checked observers at 1-month intervals to
ensure continued agreement.

2.2. Fruit availability and rainfall

We calculated a fruit availability index (FAI) using data from
monthly plant phenology surveys of 36 major food species (consistently
constituting > 0.05% of annual adult feeding time) and their basal
areas in 44 group-specific transects (N =13, 6 and 9 10m X 100 m
uniformly distributed transects for groups 1, 2 and 3 respectively),
which represented approximately 10% of each group's home range area
(similar to Foerster and Monfort, 2010). One field assistant collected
data on ca. 10 focal trees of each food species, recording each as fruiting
or not, and for fruiting trees, counting number of fruits (twice, to check
for accuracy) on an exponential-based scale (e.g., 70-99, 100-399,
400-699, 700-1000, 1000-3999) and estimating percentage of ripe
fruit to the nearest 25% (Leighton, 1993). Not all focal trees designa
as “fruiting” received a fruit count, therefore we averaged nu
ripe fruits among trees that received counts and assigned that a
to all fruiting trees. We then calculated the average number of
fruits across all focal trees of a given species (i.e., frujs
calculate group-specific FAIs, we summed across 3
product of the average mid-point estimate of nug
average basal area in group-specific transects
We used daily rainfall data collected loc
staff.

2.3. Fecal and urine sample collectj
urinary C-peptide (uCP) analysi

Subjects were targete
collected approxiima

were 1mmed1ate ed in thermoses w1th ice packs until they were
placedina — 20° er within 4 h. Samples remained frozen and in
the dark until they were shipped to the USA on ice and transferred to
a — 20 °C freezer at New York University, where they remained frozen
until further processing. In total, we collected 627 fecal and 612 urine
samples, averaging 15.3 *+ 2.1 fecal and 15.0 = 2.4 urine samples per
subject.

Author NAT extracted glucocorticoid metabolites from feces fol-
lowing the protocol of Heistermann et al. (1995) and Palme et al.
(2013) at the Anthropology Department of New York University (NYU).
After lyophilizing and pulverizing samples, NAT extracted an aliquot of
ca. 0.05-0.1 g (exact weights recorded) of fecal powder into 3ml of
80% methanol in water by vortexing for 15min. Following cen-
trifugation (2000 g, 20 min) of the fecal suspension, NAT removed 1 ml
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of the supernatant and stored it at —20 °C until hormone analysis.
NAT assayed fecal extracts for concentrations of cortisol metabolites
at the German Primate Center using an enzyme immunoassay (EIA) for
immunoreactive 118-hydroxyetiocholanolone, a group-specific assay
for the measurement of 5-reduced 3a,118-dihydroxylated cortisol me-
tabolites. These metabolites represent a major and quantitatively
abundant portion of cortisol metabolites in the feces of mammals: they
have been validated and shown to track changes in glucocorticoid
output reliably in several species (Braga Goncalves et al., 2016;
Ganswindt et al., 2003; Palme and Mostl, 1997) including primates in
all major taxa, i.e., lemurs, South American monkeys, Cercopithecoid
monkeys and great apes (Hamaéldinen et al g Heistermann et al.,
2006; Rimbach et al., 2013; Shutt et al, 2011;
Wheeler et al., 2013).

ill et al.,

concentrations into the
assay at 90% blndlng Wi

nd 6.0% (low, N = 20). All hormone
s mass hormone per fecal dry mass.
rinary C-peptide of insulin (uCP) by radio-
using a Merck Millipore™ RIA kit for human C-
opology Department at Rutgers University. The C-
is extremely well conserved among mammals
¥, 1972) and C-peptide in blue monkey samples dilutes in
el when using Merck Millipore kits™ (Michelle Brown, personal
ation). Prior to assay, samples were diluted at 1:2 or 1:20,
depending on concentration. Inter-assay coefficients of variation of
high- and low-value quality controls were 5.1 (high) and 7.3 (low,
N = 9 batches), and average intra-assay coefficient of variation was
4.4% (N = 666 CVs including samples, standards, and controls). We
standardized uCP concentrations by samples' specific gravity, measured
by an Atago™ handheld refractometer, following Miller et al. (2004), at
NYU. To control for variable water content of urine samples, the uCP
level in a given sample was multiplied by the average specific gravity of
all samples divided by the specific gravity of the given sample (Miller
et al., 2004).

Concentrations of fGCs did not vary across samples by hour of
collection during the day, however uCP concentrations did decrease
with time of day (linear mixed model, or LMM, of log uCP concentra-
tions, subject ID as random effect, N = 612, 8 = —0.1, p = 0.007;
Fig. 1). We therefore expressed uCP concentrations as residuals of log
uCP concentrations vs. time of day (Emery Thompson et al., 2010). To
focus on variation in fGCs relevant to a subject's own reactive scope
(e.g., Romero et al., 2009), we expressed each sample fGC concentra-
tion in terms of its deviation (dfGC) from the subject's 8-month baseline
(mean) and then averaged individuals' deviations from baseline for
each 2-month observation period (see Behavioral data collection and
analysis). The dataset included 3 pairs of fecal and 2 pairs of urine
samples that were collected from the same subject on the same day, so
we averaged the fGCs and uCP residuals for each pair to get a daily
value, yielding N = 623 dfGC and N = 610 uCP daily values, and
N =160 subject-period average dfGCs and N = 156 subject-period
average uCP residuals.

2.4. Data binning, life history and competitive environmental variables
We divided the study into four consecutive 2-month periods, for

which we calculated all average residual biomarker concentrations, life
history status, and competitive environmental variables. We chose 2-
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T 2.5. Behavioral data collection for exploratory analysis

Field observers conducted 20-min focal follows in which they re-
corded a focal subject's activity (e.g., resting, grooming, playing,
feeding, moving) at 1 min intervals (i.e., point samples) and recorded
the identities of social partners and of neighbors resting within 1 m of
and in contact (but not grooming) with the subject and food item if the
subject was feeding (e.g., fruit, leaves, insects). They recorded whether
a subject self-scratched or self-groomed during a given minute as a 0-1
occurrence and kept a continuous record of all affiliative approaches
(i.e., an individual arriving and remaining within 1 m) and agonistic
behavior (i.e., aggressive threats, lunges contact, and ap-
proach-retreat interactions), and socia i

12
1

log( uCP pg/ml * (avg. SG/ sample SG))

s of follows

08:00 10:00 12:00 14:00 16:00 18:00
time of day 39.0 =

Fig. 1. Log uCP concentration vs. time at collection. Trend line is fitted from
simple linear regression, unlike linear mixed model used for statistical analysis.

N = 612 urine samples. .
clearance in 4h, Foerster and Monfort,

) . . . S 2010), limi ong conclusions about the re-
month periods to capture distinct variation in fruit availability and

rainfall over time (Fig. 2). We matched variables calculated over these
periods to their average biomarker concentrations (mean 3.9 + 0.9
fecal and 4.0 + 1.0 urine samples/subject/period).

We calculated subjects' ages at the mid-date of each 2-month period,
and group size as the number of non-infant individuals present in a
subject's social group for > 25% of the period. We used mothers'
dominance rank to represent juvenile dominance relations b
offspring appear to acquire rank maternally in blue monkeys (Kla
Cords, 2015). Maternal rank was calculated based on decided wi
loser interactions either from data collated over the s

2.7 day intervals per subject-period
s), fecal samples at 12.8 + 10.1 day
-period (mean * sd, N = 623 samples), and urine
day intervals (N = 610 samples). Nevertheless,
an + sd) of a subject's fecal samples for GC me-
cted on the day after a focal follow, and overt social
absent in 61 * 18% of these pre-sample follows. Thus,
623 fecal samples were paired with 20 min follows on the pre-
, and only 115 of these contained overt social interaction.
imilarly, only 294 of 610 urine samples paired with previous-day
follows, and only 177 of these contained overt social interaction.
From behavioral point samples, we calculated the proportion of
each subject's observation time per period that it spent in a given ac-
tivity (e.g., grooming, playing, resting). We pooled focal data to cal-
culate each subject's number of affiliative partners (i.e., neighbors
during resting, grooming and play partners) per period, and standar-
dized them relative to the average amount of observation time it shared

lRipe fruit aval i B) Total rainfall by period

|
200 I

i 2 3 4
Period Period

ranged from O to 1 representing the proportj
females that a mother outranked. We cou

Ripe Fruit Availabi
Rainfall (mm)

ﬂ

;

Fig. 2. Seasonal variation in A) group home-range-specific availability of ripe fruit (medians, IQRs, and ranges across 3 groups) and B) total rainfall by observation
period.
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with other members of the study population.

We calculated subjects' tie or bond strength using a dyadic sociality
index (DSI, Silk et al., 2013). The DSI included dyadic time spent
grooming, sitting in contact without grooming, resting within 1m
without grooming, and hourly rate of approaches. We included these
types of behavior because they were positively correlated among dyads
within groups for each period (QAP matrix correlation with double
Dekker semi-partialling technique, using function “netlm” in R package
“sna”, Table S1; Dekker et al., 2007). The only affiliative behavior that
did not consistently correlate positively with other types of affiliation
was play (Table S1): therefore, we calculated a separate measure of the
amount of play with closest partners. To calculate affiliative tie
strength, we averaged DSIs over each subject's top 3 partners, excluding
its mother, as ties with mothers are disproportionately strong relative to
non-mothers among all juveniles (Cords et al., 2010). For play tie
strength, we similarly averaged dyadic time spent playing among a
subject's top 3 partners. We calculated subjects' rates of agonism given
and received per hour of shared observation time from all-occurrence
records during focal follows, pooled among subjects. Lastly, we calcu-
lated the proportion of observation minutes in which a subject self-
scratched or self-groomed.

To characterize juveniles' social strategies, we entered behavioral
variables in a principal components analysis (function “princomp” in R
“base” package). We tested for sampling adequacy of all variables using
a Kaiser-Meyer-Olkin test and for adequate correlations between vari-
ables using Bartlett's test (Budaev, 2010). We chose to retain 3 com-
ponents based on Kaiser's rule, a scree test, and parallel analysis with
1000 iterations using the function “paran” in the R “paran” package
(Dinno and Dinno, 2010; Zwick and Velicer, 1986). We chose not to
rotate components after retaining them because rotation did nogi
crease components' interpretability (Jolliffe, 2002).

2.6. Statistical analysis

model residuals with Q-Q plots.
on an outcome variable to be sj

repeated measures.

3. Results

history status (3§ ex), competitive environments (group size and
maternal rank), an® ological variables (FAI measured over the 2-
month periods, mean daily rainfall per period) predicted energy bal-
ance as measured by average time-residual uCP (N = 156 subject-per-
iods). In agreement with P1, juvenile energy balance increased as the
amount of ripe fruit increased in their home range ( = 0.15, 95%
CI = 0.08-0.22, Fig. 3A,C, Table 1). Juvenile energy balance increased
with higher average daily rainfall (3 = — 0.1, 95% CI = — 0.17 - -
0.04, Fig. 3A,D). Although ripe fruit availability corresponded roughly
with lower rainfall across the four periods, these variables did not
mirror one another (Fig. 2), and including them in a single model did
not introduce problems of collinearity (maximum VIF in any model was
1.08). Fruit availability and rainfall are therefore likely to have con-
tributed independent effects on individual energy balance. Energy
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balance as measured by uCP concentrations was lower in males than
females over all ages (LMM, 8 = — 0.15, 95% CI = — 0.28 — - 0.02)
and was close to showing a significant increase with age (3 = 0.06,
95% CI = — 0.01-0.12; Fig. 3A,B, Table 1). However, in contrast to P2,
the difference between male and female energy balance did not increase
with age (8 sex (male) * age = —0.02, 95% CI -0.15 -0.11). Sex dif-
ferences in energy balance did not result from males and females' dif-
ferential time feeding on fruit (LMM of % Time feeding on fruit, 8 sex
(male) = 0.09, 95% CI -1.40 -1.58). Counter to P3-4, energy balance
was not related to group size or maternal dominance rank. All VIFs in
these models were < 2.5.

3.2. Aim 2: life history, competitive, and ej
load, measured by mean dfGC per perig

grs of allostatic

were < 2.
3.3.

les had appropriate sampling adequacy for PCA
test, min measure of sampling adequacy
11 MSA = 0.72; Dziuban and Shirkey, 1974). Cor-

analysis indicated that retaining the top 3 PCs was appropriate
collectively explained 65% of variance in behavioral mea-

We characterized each component according to the variables that
loaded on it most strongly. Grooming and play measures both loaded
strongly on PC1, however in opposite directions (% Time grooming and
playing loadings = 0.43 and — 0.41, respectively, Table S2). This led us
to characterize PC1 as the groomer vs. player component. Number of
play partners (0.38), number of neighbors while resting (0.56), and
both agonism given (0.43) and received (0.44) loaded strongly on PC2.
Variables loading weakly or in the opposite direction included time
spent grooming (—0.04) and rates of self-directed behavior (—0.09),
which either do not require a diversity of partners (time grooming) or
are largely done solitarily (self-directed behavior). Indeed, 89% of self-
directed behavior occurred when subjects were resting and not within
1m or in contact with neighbors. Given this pattern of loadings, we
characterized PC2 as social vs. solitary. Of the several variables that
loaded strongly on PC3, only agonism given loaded positively (0.43).
Variables that loaded negatively were socio-positive (e.g., play and
affiliative bonds, —0.35 & —0.44) or solitary (e.g., self-directed be-
havior, —0.49), leading us to characterize PC3 as aggressive vs.
peaceful.

As part of the PCA of juveniles' social strategies, we also assessed
how life history (age, sex), demographic (number maternal kin, ma-
ternal rank), and ecological variables (FAI, rainfall) predicted scores on
PCs 1-3 per period (N = 162 subject-periods). Scores on PCl were
lower in males than females (8 = —2.65, 95% CI -3.09 — -2.2). Older
individuals were more likely to have higher scores on PC1 (8 = 0.38,
95% CI 0.16-0.61). Scores on PC1 decreased (less grooming, more play)
when ripe fruit was less available (8 = —0.25, 95% CI -0.13-0.40) and
increased with greater rainfall (R = 0.28, 95% CI 0.12-0.44). Juveniles
had higher scores on PC2 as they aged (8 = 0.24, 95% CI 0.03-0.46),
and lower scores (fewer social partners, less agonism) with higher fruit
availability and rainfall (FAI 8 = —0.25, 95% CI -0.41 — -0.10; rainfall
R = 0.28, 95% CI 0.12-0.44). Scores on PC3 (aggressive vs. peaceful)
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A)
Sex (M)
Age
Group size’
Mom rank

FAI'

Rainfall’

o
O
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0.3 -0.2 0.1, 0.0 0.1 02

1.0

0.5

0.5

Avg. uCP residual

-1.5

1.0

on subject uCP concentrations j
confidence intervals, respecti

Table 1
Effects of stand

Predictor 95% CI

Sex (M) 0.07 [—0.28, —0.02] ¢
Age 0.04 [—0.004, 0.13]
Group size 0.04 [—0.08, 0.05]
Maternal rank 0 0.03 [—-0.07, 0.07]
FAI 0.15 0.04 [0.09, 0.22] *
Rainfall -0.1 0.03 [-0.17, —0.03]*

* 95% CI does not cross zero.

did not vary according to life history or ecological variables. All VIFs in
these models were < 2.5.

3.4. Aim 3b: relationship of social strategies with allostatic load

To examine whether affiliative and aggressive social behavior

I (no. ripe fruits x 108)

35

T
15 20 2 3 4 5 6 7 8 9

predicted allostatic load and appeared to buffer energetic stressors
(P7-P9), we included three retained principal components, age, sex,
maternal dominance rank, and energy balance as fixed effects in a
linear mixed model predicting mean dfGC per 2-month period (N = 155
subject-periods). We also tested for an interaction effect between PC1
and sex. Juveniles' dfGCs varied according to social behavior as mea-
sured by PC1 (grooming vs. playing), such that dfGCs were higher
among subjects that groomed more and played less (i.e., had a higher
score on PCl, 3 =0.15, 95% CI 0.03-0.28, N = 155; Fig. 4A, B,
Table 3). Thus in partial agreement with P7 that affiliative behavior and
dfGCs would be negatively related, more time spent playing corre-
sponded with lower dfGCs, but contrary to P7, more time grooming
corresponded with higher dfGCs. DfGCs did not relate to subjects' scores
on social vs. solitary (PC2) and, counter to P8, aggressive vs. peaceful
(PC3) components. The effect of PC1 on dfGCs did not vary according to
sex (B PCl*sex = — 0.1, 95% CI -0.42-0.22). General activity level also
did not significantly predict dfGCs (LMM, % Time locomoting replacing
all behavioral PCs in model, B locomoting = —0.13, 95%
CI = —0.3-0.04). All VIFs were < 2.5.

Again in agreement with P5, juveniles' energy balance was
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600
1

Avg. deviation subject baseline fGCs

! g
1 N
1 o
Age I °
I =4
I I
1
Group size O
1
1
1
Mom rank” :.
1
. 1
1
uCP” ® I
1
1

standardized predictors on subject dfGC concentrations. Point is restricted maximum
confidence intervals, respectively. Dashed vertical line indicates a parameter estimat
balance. Trend lines added with simple linear regression.

Table 2

iods.
Predictor Beta
Age —0.02
Sex (M) —0.01
Group size 0.04
Maternal rank 0.01 >

Energy balance

[-0.36, —0.04]

* 95% CI does not cross

Table 3
Exploratory resul
load, measured
Linear mixeg

relationship with allostatic
aseline dfGC level (ng/g feces).
ject-periods.

SE 95% CI
PC1: groomin§ 0.07 [0.03, 0.28] *
PC2: social vs. sO 0 0.07 [-0.15, 0.14]
PC3: aggressive vs. B 0.04 0.09 [-0.13,0.2]
Sex (M) 0.39 0.25 [—0.08, 0.86]
Age —-0.05 0.09 [-0.22,0.12]
Group size —0.02 0.11 [-0.22, 0.18]
Maternal rank 0.01 0.08 [-0.15, 0.17]
Energy Balance -0.17 0.08 [-0.33, —0.01]*

* 95% CI does not cross zero.

negatively related to average dfGC concentrations in the social strate-
gies model (B = — 0.17, 95% CI -0.33 - -0.013; Fig. S1A Table 3). In
this model, dfGCs again did not vary according to age, sex, group size,

or maternal rank.

Because PC1 represented time spent both playing and grooming, we
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Energy balance (avg. uCP residual)

, and energy balance as measured by uCP. A) Effects of
coefficient. Thick and thin lines represent 50 and 95%
oes not include zero. B) Variation in dfGCs by energy

ips with dfGCs of % time grooming and % time playing, variables
hat loaded most strongly on PC1, and their interactions with energy balance in

linear mixed effect models. Significant effects in bold. N = 155 subject-periods.

Response variable  Predictor variables I 95% CI

fGCs % Time grooming 0.24 0.04, 0.43
Sex (M) 0.26 —0.12, 0.65
Age —0.05 -0.21, 0.12
Group size 0.06 -0.1, 0.22
Maternal rank 0.02 —0.13,0.18
Energy balance -0.18 -0.33, —0.02

fGCs % Time grooming 0.28 0.08, 0.47
Sex (M) 0.3 —0.08, 0.68
Age —0.07 —0.23, 0.09
Group size 0.07 —0.09, 0.22
Maternal rank 0.04 -0.11, 0.19
Energy balance —-0.19 —0.34, —0.03
% Time grooming: Energy 0.19 0.05, 0.33
balance

fGCs % Time playing -0.21 -0.38, —0.03
Sex (M) 0.2 —0.16, 0.56
Age 0 -0.17, 0.16
Group size 0.01 —-0.15, 0.17
Maternal rank 0.02 -0.13, 0.18
Energy balance —-0.18 -0.34, —0.02

fGCs % Time playing -0.22 -0.4, —0.04
Sex (M) 0.21 —0.15, 0.57
Age —0.01 -0.17, 0.15
Group size 0.02 —0.14, 0.18
Maternal rank 0.03 —0.13,0.18
Energy balance -0.19 -0.35, —0.03
% Time playing: Energy balance —0.06 -0.23, 0.12

created two post-hoc linear mixed models to test how percentage of
time grooming and playing each corresponded to dfGC concentrations
(Table 4). According to these models, the relationship of PC1 and dfGCs
reflected both a positive association of percentage time grooming on
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Fig. 5. Exploring the relations, and dfGCs. A) Conditional coefficient of uCP concentrations on dfGCs as % time grooming varies.
Predictors unstandardized. oncentrations by quartiles of % time grooming. C) % Time grooming kin vs. non-kin among subjects in
each grooming quartile. nce quartile-Kinship class in an LMM to compare time grooming with kin vs. non-kin within each quartile and found a
significant difference wi

dfGCs and a g i ntage time playing on dfGCs grooming with less familiar social partners, such as non-kin. We found
(Table 4). that individuals in the top grooming quartile spent significantly more

To t < iliation Would buffer energetic stressors, we time grooming non-kin vs. kin, but there were no differences in
assessed W ying or grooming moderated the re- grooming non-kin vs. kin among subjects in other quartiles (LMM
lationship be energy balance and dfGCs. Counter to P6, play be- comparing % time grooming non-kin vs. kin, resetting reference level

havior did not ate the negative relationship of energy balance on for each quartile, 8 quartile 4 non-kin vs. kin = 0.9, % 95 CI 0.41-1.39,
dfGCs, but groomi avior did. Surprisingly, energy balance had an Fig. 5C, Table S3).
increasingly positive relationship with dfGCs as time spent grooming

increased (Table 4), again counter to P6. Increasing energy balance 4, Discussion
should not increase HPA activity directly (Sapolsky et al., 2000).
Therefore one might best express this interaction as the higher a juve- Consistent with the ecological risk aversion hypothesis, energy
nile's energy balance, the more strongly its grooming positively corre- balance appears to contribute strongly to allostatic load in juvenile blue
sponded with dfGCs (Fig. 5A). Indeed, it appeared that juveniles that monkeys, as their dfGC concentrations decreased with higher energy
spent the most time giving and receiving grooming were those that balance. We did not find evidence that life history status (i.e., sex, age)
were most likely to have a positive relationship between energy balance or competitive environment (group size, maternal dominance rank)
and dfGCs (Fig. 5B). corresponded with dfGCs, nor did maternal rank modify the relation-
Because percentage time grooming moderated the relationship be- ship between energy balance and dfGCs. Simultaneously, individual
tween energy balance and dfGCs in an unexpected way, we further energy balance itself did not vary according to age or competitive en-
predicted that individuals spending the most time grooming could be vironment, though energy balance was higher among females.
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We cannot draw hard and fast conclusions from our exploratory consequences of adult female dominance relations in this species
analysis of juvenile social strategies because of the limited temporal (Cords, 2000; Foerster et al., 2011; Pazol and Cords, 2005; Roberts and
concordance between social behavior and biomarker sampling (see Cords, 2013).

Methods). Results suggest that juveniles' social strategies correspond

with dfGC concentrations. Analyzing the proximate effects of affiliation 4.3. Social strategies during development and their ecological and life

on allostatic load among juveniles in a future, focused study is therefore history correlates (Aim 3a)

warranted. Juveniles that groomed more and played less had higher

dfGCs. Neither grooming nor playing appeared to buffer juveniles' ex- PCA revealed that playing and grooming accounted for the greatest
periences of energetic stressors. In fact, dfGCs surprisingly increased variation in juvenile behavioral patterns (PC1), and were driven by
with energy balance among juveniles that groomed the most. Time differences in age, sex, fruit availability, and rainfall. Sex differences in
playing had no such moderating effect on energy balance and dfGCs. It playing and grooming in this species are pronounced, and higher scores
appeared that juveniles that groomed most were engaging less familiar on PC1 among older individuals likely deri emales increasing

partners, as only they groomed more with non-kin than kin. . Thompson and
4.1. Variation in energy balance during development (Aim 1) R ponded with
Juvenile energy balance, as measured by urinary C-peptide, in- scores on PC2 and, with age, & d their social

creased with the availability of ripe fruit in the habitat, as reported for networks and, concomita ir i onism. Scores on
wild chimpanzees and orangutans (Emery Thompson and Knott, 2008; PC1 and 2 both decrea i i ability possibly be-

Emery Thompson et al., 2009). Thus, as in other primate species (e.g. st when foraging for
Deschner et al., 2008; Girard-Buttoz et al., 2011; Grueter et al., 2014; rcome dispersion to play
Harris et al., 2010; Higham et al., 2011a), uCP also appears to be a valid more often i i rgy stores (Thompson and
measure of energy balance in wild juvenile blue monkeys, confirming Cords, in p

the general usefulness of this biomarker for investigating the associa-
tion of environmental, social and life history variables with energetic
condition of wild-living primates.

Females had higher energy balance than males, though they did not
spend a larger percentage of their observation time feeding on fruit
than males. Future studies of feeding and nutritional strategies might
explore whether males and females select different qualities of fo
feed at different rates during development. It is also possible tha
had lower energy balance on average than females because males
more time playing, which is energetically costly (Held and Spi
2011). Sex differences in energy balance did not appegi

the majority of 20 min focal follows on days prior
pling contained zero overt social interaction, we

behavior. Juveniles appeared to have higher dfGC
rations when they spent more time grooming and were more
th grooming partners (opposite to what was reported in adult
‘emales over similar multi-month periods; Foerster et al., 2011), and if
they spent less time playing and were less bonded to close play partners
(i.e., had higher scores on PC1). These patterns appear to result from
both a positive relationship between grooming and dfGCs, and a ne-
gative relationship between play and dfGCs. Although the latter re-
lationship was expected, the former was not.

Neither group size nor matern Neither play nor grooming appeared to act as a buffer of energy
balance, even though juveniles 1 S balance on dfGC concentrations. In fact, the relationship between en-
higher rank has corresponded with¥nore ti ergy balance and dfGCs was increasingly positive as time spent

balance also did not vary with age alone, ch4
expenditure with intake appeared to be sim
period.

adult females (Foerster et LIt at individuals in grooming increased, a reverse of the main effect of dfGC concentrations
larger groups spread out i iti at access to food decreasing with energy balance. This suggests that grooming with

does not differ with d
during adulthood. Fin

partners could present a stressor to juveniles, particularly when fruit
heavy rainfall led in- availability is high.

dividuals to ceasges g (pers. obs.), individuals The relationship between GCs and sociality in juvenile blue mon-
had lower eng j iods. keys, if true, may proceed in either causal direction. Energy mobilized
by GCs could motivate affiliative behavior because an individual re-

4.2. Rel 5 gy b ith juvenile allostatic load (Aim 2) cently experienced a stressor (Stoewe et al., 2008) or because of an
individual's general metabolic state leads them to be more active

As predict® weniles with higher energy balance had lower dfGCs. (Anestis, 2005). Nevertheless, one would expect grooming to corre-
This finding reveé at energy balance is indeed a driver of allostatic spond with lower GCs if it acts as a buffering strategy, and further,
load among juvenil€g€onsistent with the ecological risk aversion hy- general activity levels did not predict higher dfGCs in blue monkey
pothesis that juveniles' grow slowly in part to avoid the risk of starva- juveniles. It is perhaps more likely then that overt affiliation like
tion. Importantly, all juveniles appeared prone to experience energetic playing and grooming could alter GC concentrations. Play may trans-
stressors, not just low-ranking individuals as in adult female blue form already potentially aggressive situations into friendly ones, as in
monkeys (Foerster et al., 2011, 2012). DfGCs did not vary with age, adult sifakas (Antonacci et al., 2010), thereby lowering GCs, as in ju-
similar to patterns seen in juvenile baboons (Gesquiere et al., 2005), venile marmosets (Mustoe et al., 2014). Meanwhile, navigating social
suggesting that individuals experience similar levels of internal and groups by grooming could be risky because maintaining proximity and
external stressors throughout development. Similarly, maternal dom- contact introduces opportunities for agonism (Kalbitzer et al., 2017;
inance relations did not confer any advantage to juveniles in terms of Moser et al., 1991; Schino and Alessandrini, 2015). For example, in
avoiding stressors. Although counter to our prediction that the threat of Japanese macaques, individuals that groom are more likely to subse-
aggressive competition among lower-ranking juveniles would corre- quently receive agonism from groomees, although over time groomees
spond with higher dfGCs, the absence of a relationship between rank reduce agonism and become more tolerant of groomers (Schino and
and dfGCs does concur with other studies that showed limited Alessandrini, 2015). Although direct involvement in agonism (i.e., high

38



N.A. Thompson et al. Hormones and Behavior 108 (2019) 30-41

scores on PC2) did not correspond with higher dfGCs in the juvenile Acknowledgments
study subjects. Grooming could also be stress-inducing because of the

unfamiliarity of the grooming partner, e.g. non-kin vs. kin. Indeed, We thank the government of Kenya, National Environmental
among savannah baboons, unrelated individuals are more likely to Management Authority, and Kenya Wildlife and Forest Services for
aggress juveniles (Pereira, 1988) and in chimpanzees, adults con- approval to conduct research and export samples, and Masinde Muliro
sistently have higher urinary cortisol after bouts of grooming non-bond University of Science and Technology (CEKATFOS) for local sponsor-
partners than after bouts of grooming bond partners, with whom they ship. We are especially thankful to the team of field assistants that
are more familiar (Wittig et al., 2016). If blue monkey juveniles often helped collect behavioral, phenology, demographic and biomarker
groom with non-kin in feeding contexts, this might lead to the observed data: S. Khamusini, S. Kasiti, C. Musanga, L. Mutola, J. Munayi, E.
positive relationship between energy balance and dfGCs among in- Shikanga, D. Shilabiga, and E. Widava (and many others https://plhdb.
dividuals that groomed the most. org/Acknowledgments). Also, sincere thanks to A. Heistermann for her

indispensable aid and training in the endoczi ab at the German

Primate Center, and to D. Naumenko for, lab at Rutgers.
5. Conclusions and future directions
Appendix A. Supplementary data
This study is the first to show in detail that energy balance is a major
driver of allostatic load in a juvenile primate. Indeed, all juveniles re- Supplementary data to thd i e at https://
gardless of sex, age, group size, or maternal dominance rank, were doi.org/10.1016/j.yhbeh.

vulnerable to energetic stressors. As energy balance varied strongly

according to seasonal fruit availability and rainfall, juveniles' risk of References

experiencing energetic stressors also appears seasonal. Future studies

can employ C-peptide as a measure of energy balance in testing the Altmann, S.A., 14 3 i es (Papio cynocephalus) predict life-
function of extended juvenile periods in avoiding ecological risks. time fitne

Comparative analyses to further test the ecological risk aversion hy-
pothesis could also compare the relationship of CP and GCs among
juveniles in species whose juvenile period varies in length (relative to
total lifespan), with larger effects of CPs on GCs expected in species
with longer juvenile periods.

Contrary to our initial hypothesis regarding social strategies and
allostatic load, the results of our exploratory analysis suggest th
filiative behavior does not always help juveniles cope with soci i ® Trends Ecol. Evol. 24, 634-642.
ecological challenges, but rather appears to exert challenges of its "
Indeed, overt affiliation such as grooming could be challenging t alves, 1., Heistermann, M., Santema, P., Dantzer, B., Mausbach, J., Ganswindt,

dividuals at this vulnerable life stage when grooming O A., Manser, M.B., 2016. Validation of a fecal glucocorticoid assay to assess adreno-
familiar and potentially risky partners. In contrast 1 i cortical activity in meerkats using physiological and biological stimuli. PLoS One 11,
e0153161.
Budaev, S.V., 2010. Using principal components and factor analysis in animal behaviour
research: caveats and guidelines. Ethology 116, 472-480.
juvenile subjects for glucocorticoid an ! Cameron, E.Z., Setsaas, T.H., Linklater, W.L., 2009. Social bonds between unrelated fe-
mediately following social interaction . males increase reproductive success in feral horses. Proc. Natl. Acad. Sci. 106,
. 13850-13853.
Cords, M., 2000. Agonistic and affiliative relationships in a blue monkey group. In: Jolly,

0. Stranger to familiar: wild strepsirhines manage
, €13218.

alker, S., 2014. lme4: linear mixed-effects models
package version 1.

.J., 2017. The next step for stress research in primates: to
between glucocorticoid secretion and fitness. Horm. Behav. 91,

2016). C., Whitehead, P. (Eds.), Old World Monkeys. Cambridge University Press,
A further possibility is that, Cambridge, UK, pp. 453-479.
. . . Cords, M., 2012. The 30-year blues: What we know and don't know about life history,
term cost for juveniles, it co ed by a long-term . o . ;
X group size, and group fission of blue monkeys in the Kakamega Forest, Kenya. In:
¢ sex. These in- Kappeler, P., Watts, D. (Eds.), Long-Term Field Studies of Primates. Springer, Berlin,
dividuals will spend pp. 289-312.
. . . ~ . . . Cords, M., Chowdhury, S., 2010. Life history of Cercopithecus mitis stuhlmanni in the
.competlng Wlth.thelr 8 g on-relatives, S.O. 1nyest1ng Kakamega Forest, Kenya. Int. J. Primatol. 31, 433-455.
in partners durig o develop familiarity and Cords, M., Thompson, N., 2017. Friendships, coalitions, and alliances. In: Call, J.,
. 003). Research on adult fe- Burghardt, G., Pepperberg, 1., Snowdon, C., Zentall, T. (Eds.), APA Handbook of
male blue ; et al., 2010; Thornpson and Comparative Psychology. American Psychological Association, pp. 899-914.

. . . Cords, M., Sheehan, M.J., Ekernas, L.S., 2010. Sex and age differences in juvenile social
Cords, 4 les dre able to develop strong affiliative priorities in female philopatric, nondespotic blue monkeys. Am. J. Primatol. 72,
s that are consistent over years, this 193-205.
s off in greater survival. Data from long-term data Crockford, C., Wittig, R., Langergraber, K., Ziegler, T., Zuberbiihler, K., Deschner, T.,
. L. 2013. Urinary oxytocin and social bonding in related and unrelated wild chimpan-
valuable to evaluate this hypothesis in future zees. Proc. R. Soc. Lond. B 280, 20122765,
Dekker, D., Krackhardt, D., Snijders, T.A.B., 2007. Sensitivity of MRQAP tests to colli-
nearity and autocorrelation conditions. Psychometrika 72, 563-581.
Deschner, T., Kratzsch, J., Hohmann, G., 2008. Urinary C-peptide as a method for mon-
itoring body mass changes in captive bonobos (Pan paniscus). Horm. Behav. 54,
Funding 620-626.
Dinno, A., Dinno, M.A., 2010. Package ‘paran’.
Douhard, M., Plard, F., Gaillard, J.-M., Capron, G., Delorme, D., Klein, F., Duncan, P., Loe,
L.E., Bonenfant, C., 2014. Fitness consequences of environmental conditions at dif-

sets will be part
studies.

Funding to NAT was provided by the Leakey Foundation (PG

007662), the Animal Behavior Society, and the American Society of ferent life stages in a long-lived vertebrate. Proc. R. Soc. B 281.
Primatologists. Funding to MC was provided by Columbia University, Dziuban, C.D., Shirkey, E.C., 1974. When is a correlation matrix appropriate for factor
the Leakey Foundation, Wenner-Gren Foundation and National Science . analysis? Some decision rules. Psychol. Bull. 81, 358-361. )

X ‘mery Thompson, M., 2016. C-peptide of insulin. In: The International Encyclopedia of
Foundation (SBR 95-23623, BCS 98-08273, 05-54747, 10-2847, DGE Primatology. John Wiley & Sons, Inc..
09-66166) and AAAS-WISC. Funding to Erin Vogel for urinary C-pep- Emery Thompson, M., Knott, C.D., 2008. Urinary C-peptide of insulin as a non-invasive

marker of energy balance in wild orangutans. Horm. Behav. 53, 526-535.

tide analysis equipment was provided by Rutgers University.
¥ quip p y 8 ty Emery Thompson, M., Muller, M.N., Wrangham, R.W., Lwanga, J.S., Potts, K.B., 2009.

39


https://plhdb.org/Acknowledgments
https://plhdb.org/Acknowledgments
https://doi.org/10.1016/j.yhbeh.2018.12.014
https://doi.org/10.1016/j.yhbeh.2018.12.014
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0005
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0005
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0010
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0010
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0015
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0015
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0020
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0020
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0025
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0025
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0025
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0030
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0030
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0035
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0035
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0040
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0040
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0040
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0040
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0045
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0045
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0050
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0050
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0050
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0055
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0055
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0055
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0060
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0060
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0060
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0060
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0065
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0065
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0070
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0070
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0070
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0075
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0075
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0075
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0080
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0080
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0080
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0085
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0085
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0090
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0090
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0090
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0095
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0100
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0100
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0100
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf2000
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf2000
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0105
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0105
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0110
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0110
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0115

N.A. Thompson et al.

Urinary C-peptide tracks seasonal and individual variation in energy balance in wild
chimpanzees. Horm. Behav. 55, 299-305.

Emery Thompson, M., Muller, M.N., Kahlenberg, S.M., Wrangham, R.W., 2010. Dynamics
of social and energetic stress in wild female chimpanzees. Horm. Behav. 58, 440-449.

Fairbanks, L., 2003. Juvenile vervet monkeys: establishing relationships and practicing
skills for the future. In: Pereira, M., Fairbanks, L. (Eds.), Juvenile Primates. The
University of Chicago Press, London, pp. 211-227.

Foerster, S., Monfort, S.L., 2010. Fecal glucocorticoids as indicators of metabolic stress in
female Sykes' monkeys (Cercopithecus mitis albogularis). Horm. Behav. 58, 685-697.

Foerster, S., Cords, M., Monfort, S.L., 2011. Social behavior, foraging strategies, and fecal
glucocorticoids in female blue monkeys (Cercopithecus mitis): potential fitness benefits
of high rank in a forest guenon. Am. J. Primatol. 73, 870-882.

Foerster, S., Cords, M., Monfort, S.L., 2012. Seasonal energetic stress in a tropical forest
primate: proximate causes and evolutionary implications. PLoS One 7, e50108.

Frank, A., 2014. VIF Function for Mixed-effects Regression: "vif.mer".

Ganswindt, A., Palme, R., Heistermann, M., Borragan, S., Hodges, J.K., 2003. Non-in-
vasive assessment of adrenocortical function in the male African elephant (Loxodonta
africana) and its relation to musth. Gen. Comp. Endocrinol. 134, 156-166.

Ganzhorn, J., Rakotondranary, S., Ratovonamana, Y., 2003. Habitat description and
phenology. In: Curtis, A., Setchell, J.M. (Eds.), Field and Laboratory Methods in
Primatology. Cambridge University Press, pp. 51-68.

Gesquiere, L., Altmann, J., Khan, M., Couret, J., Yu, J., Endres, C., Lynch, J., Ogola, P.,
Fox, E., Alberts, S., Wango, E., 2005. Coming of age: steroid hormones of wild im-
mature baboons (Papio cynocephalus). Am. J. Primatol. 67, 83-100.

Girard-Buttoz, C., Higham, J.P., Heistermann, M., Wedegartner, S., Maestripieri, D.,
Engelhardt, A., 2011. Urinary c-peptide measurement as a marker of nutritional
status in macaques. PLoS One 6, e18042.

Goymann, W., Wingfield, J., 2004. Allostatic load, social status and stress hormones - the
costs of social status matter. Anim. Behav. 67, 591-602.

Grueter, C.C., Deschner, T., Behringer, V., Fawcett, K., Robbins, M.M., 2014.
Socioecological correlates of energy balance using urinary C-peptide measurements
in wild female mountain gorillas. Physiol. Behav. 127, 13-19.

Gust, D.A., Gordon, T.P., Brodie, A.R., McClure, H.M., 1996. Effect of companions in
modulating stress associated with new group formation in juvenile rhesus macaques.
Physiol. Behav. 59, 941-945.

Hall, K.D., Heymsfield, S.B., Kemnitz, J.W., Klein, S., Schoeller, D.A., Speakman, J.R.,
2012. Energy balance and its components: implications for body weight regulation.
Am. J. Clin. Nutr. 95, 989-994.

Héméldinen, A., Heistermann, M., Fenosoa, Z.S.E., Kraus, C., 2014. Evaluating ca
stress in wild gray mouse lemurs via repeated fecal sampling: method valida;
the influence of prior experience and handling protocols on stress responses)
Comp. Endocrinol. 195, 68-79.

Harris, T.R., Chapman, C.A., Monfort, S.L., 2010. Small folivorous primate groups e
behavioral and physiological effects of food scarcity. Behav. Ecol

Haunhorst, C.B., Heesen, M., Ostner, J., Schiilke, O., 2017. Social bg
the costs of competition for wild female Assamese macaqug
51-60.

Heinrichs, M., Baumgartner, T., Kirschbaum, C., Ehlert,
oxytocin interact to suppress cortisol and subjectiv,
Biol. Psychiatry 54, 1389-1398.

Heistermann, M., Finke, M., Hodges, J.K., 1995.
in captive-housed Hanuman langurs (Pres,
and fecal steroid excretion patterns. A

689-708.
Heistermann, M., Palme, R., Ga;
munoassays for assessme
analysis. Am. J. Primai
Held, S.D.E., Spinka, M., 201
891-899.

ifferent enzyme im-

rmann, M., 2011a. Urinary c-
utritional status: some practicalities.

Isbell, L.A., 1991. Contest@hd scramble competition: patterns of female aggression and
ranging behavior among primates. Behav. Ecol. 2, 143-155.

Janson, C.H., van Schaik, C.P., Pereira, M., Fairbanks, L., 2003. Ecological risk aversion in
juvenile primates: slow and steady wins the race. In: Juvenile Primates: Life History,
Development, and Behavior, pp. 57-74.

Jolliffe, I., 2002. Principal Component Analysis. (Wiley Online Library).

Kalbitzer, U., Bergstrom, M.L., Carnegie, S.D., Wikberg, E.C., Kawamura, S., Campos,
F.A., Jack, K.M., Fedigan, L.M., 2017. Female sociality and sexual conflict shape
offspring survival in a Neotropical primate. Proc. Natl. Acad. Sci. 114, 1892-1897.

Kikusui, T., Winslow, J.T., Mori, Y., 2006. Social buffering: relief from stress and anxiety.
Philos. Trans. R. Soc. B 361, 2215.

King, A., Clark, F., Cowlishaw, G., 2011. The dining etiquette of desert baboons: the roles
of social bonds, kinship, and dominance in co-feeding networks. Am. J. Primatol. 73,
768-774.

Klass, K., Cords, M., 2015. Agonism and dominance in female blue monkeys. Am. J.
Primatol. 77, 1299-1315.

40

Hormones and Behavior 108 (2019) 30-41

Kuzawa, C.W., Chugani, H.T., Grossman, L.I., Lipovich, L., Muzik, O., Hof, P.R., Wildman,
D.E., Sherwood, C.C., Leonard, W.R., Lange, N., 2014. Metabolic costs and evolu-
tionary implications of human brain development. Proc. Natl. Acad. Sci. 111,
13010-13015.

Lehmann, J., Majolo, B., McFarland, R., 2016. The effects of social network position on
the survival of wild barbary macaques, Macaca sylvanus. Behav. Ecol. 27, 20-28.
Leigh, S.R., 1995. Socioecology and the ontogeny of sexual size dimorphism in anthropoid

primates. Am. J. Phys. Anthropol. 97, 339-356.

Leighton, M., 1993. Modeling dietary selectivity by Bornean orangutans: evidence for
integration of multiple criteria in fruit selection. Int. J. Primatol. 14, 257-313.
McFarland, R., Fuller, A., Hetem, R.S., Mitchell, D., Maloney, S.K., Henzi, S.P., Barrett, L.,
2015. Social integration confers thermal benefits in a gregarious primate. J. Anim.

Ecol. 84, 871-878.

Metcalfe, N.B., Monaghan, P., 2001. Compensation for a bad start: grow now, pay later?
Trends Ecol. Evol. 16, 254-260.

Miller, R.C., Brindle, E., Holman, D.J., Shofer, J., Klgg
K.A., 2004. Comparison of specific gravity ang
reproductive hormone concentrations. Cli

Mitchell, N., 2009. Kakamega Forest ecosystem?
the human context. BIOTA East Afr.

Moser, R., Cords, M., Kummer, H., 19

, M.R., O'Connor,

en. Tierarztl. Monatsschr. 100, 238-246.

5. Seasonal variation in feeding behavior, competition and fe-
ips in a forest dwelling guenon, the blue monkey (Cercopithecus
e Kakamega Forest, Kenya. Behav. Ecol. Sociobiol. 58,

istic interactions of juvenile savanna baboons I. Fundamental

79, 195-217.

ira, M.E., Fairbanks, L.A., 2003. Juvenile Primates: Life History, Development and

ior, with a New Foreword. University of Chicago Press.

., Nehrlich, S., Oyer, P.E., Steiner, D.F., 1972. Determination of the amino

equence of the monkey, sheep, and dog proinsulin C-peptides by a semi-micro

Edman degradation procedure. J. Biol. Chem. 247, 4866-4871.

Pride, E., 2005. High faecal glucocorticoid levels predict mortality in ring-tailed lemurs
(Lemur catta). Biol. Lett. 1, 60-63.

Reeder, D.M., Kramer, K.M., 2005. Stress in free-ranging mammals: integrating phy-
siology, ecology, and natural history. J. Mammal. 86, 225-235.

Rimbach, R., Heymann, E.W., Link, A., Heistermann, M., 2013. Validation of an enzyme
immunoassay for assessing adrenocortical activity and evaluation of factors that af-
fect levels of fecal glucocorticoid metabolites in two New World primates. Gen.
Comp. Endocrinol. 191, 13-23.

Roberts, S.J., Cords, M., 2013. Group size but not dominance rank predicts the probability
of conception in a frugivorous primate. Behav. Ecol. Sociobiol. 67, 1995-2009.
Romero, L.M., Wikelski, M., 2001. Corticosterone levels predict survival probabilities of
Galdpagos marine iguanas during El Nifio events. Proc. Natl. Acad. Sci. 98,

7366-7370.

Romero, L.M., Dickens, M.J., Cyr, N.E., 2009. The reactive scope model—a new model
integrating homeostasis, allostasis, and stress. Horm. Behav. 55, 375-389.

Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence
stress responses? Integrating permissive, suppressive, stimulatory, and preparative
actions 1. Endocr. Rev. 21, 55-89.

Schielzeth, H., 2010. Simple means to improve the interpretability of regression coeffi-
cients. Methods Ecol. Evol. 1, 103-113.

Schino, G., Alessandrini, A., 2015. Short-term costs and benefits of grooming in Japanese
macaques. Primates 56, 253-257.

Schmid, V.S., de Vries, H., 2013. Finding a dominance order most consistent with a linear
hierarchy: an improved algorithm for the I1&SI method. Anim. Behav. 86, 1097-1105.

Schoeller, D.A., 1988. Measurement of energy expenditure in free-living humans by using
doubly labeled water. J. Nutr. 118, 1278-1289.

Shutt, K., Setchell, J.M., Heistermann, M., 2012. Non-invasive monitoring of physiolo-
gical stress in the Western lowland gorilla (Gorilla gorilla gorilla): validation of a fecal
glucocorticoid assay and methods for practical application in the field. Gen. Comp.
Endocrinol. 179, 167-177.

Silk, J., Beehner, J., Bergman, T., Crockford, C., Engh, A., Moscovice, L., Wittig, R.,
Seyfarth, R., Cheney, D., 2010. Strong and consistent social bonds enhance the
longevity of female baboons. Curr. Biol. 20, 1359-1361.

Silk, J., Cheney, D., Seyfarth, R., 2013. A practical guide to the study of social relation-
ships. Evol. Anthropol. 22, 213-225.

Stanton, M.A., Gibson, Q.A., Mann, J., 2011. When mum's away: a study of mother and
calf ego networks during separations in wild bottlenose dolphins (Tursiops sp.). Anim.
Behav. 82, 405-412.

Stoewe, M., Bugnyar, T., Schloegl, C., Heinrich, B., Kotrschal, K., Moestl, E., 2008.
Corticosterone excretion patterns and affiliative behavior over development in ravens
(Corvus corax). Horm. Behav. 53, 208-216.


http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0115
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0115
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0120
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0120
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0125
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0125
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0125
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0130
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0130
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0135
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0135
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0135
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0140
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0140
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0145
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0150
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0150
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0150
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0155
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0155
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0155
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0160
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0160
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0160
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0165
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0165
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0165
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0170
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0170
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0175
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0175
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0175
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0180
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0180
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0180
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0185
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0185
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0185
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0190
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0190
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0190
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0190
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0195
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0195
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0200
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0200
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0200
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0205
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0205
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0205
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf1000
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf1000
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf1000
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0210
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0210
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0210
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0215
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0215
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0215
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0220
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0220
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0225
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0225
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0225
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0230
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0230
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0230
https://doi.org/10.1037/a0032671
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0240
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0240
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0245
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0245
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0245
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0250
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0255
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0255
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0255
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0260
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0260
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0265
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0265
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0265
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0270
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0270
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0275
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0275
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0275
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0275
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0280
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0280
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0285
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0285
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0290
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0290
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0295
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0295
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0295
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0300
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0300
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0305
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0305
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0305
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0310
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0310
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0315
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0315
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0320
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0320
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0320
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0325
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0325
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0330
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0335
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0335
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0340
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0340
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0345
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0345
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0350
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0350
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0350
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0350
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0355
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0355
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0360
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0360
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0365
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0365
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0365
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0370
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0370
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0375
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0375
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0380
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0380
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0380
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0380
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0385
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0385
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0390
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0390
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0390
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0395
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0395
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0400
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0400
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0400
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0405
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0405
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0410
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0410
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0415
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0415
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0420
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0420
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0425
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0425
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0425
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0425
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0430
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0430
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0430
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0435
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0435
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0440
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0440
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0440
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0445
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0445
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0445

N.A. Thompson et al.

Stone, A.L, 2007. Ecological risk aversion and foraging behaviors of juvenile squirrel
monkeys (Saimiri sciureus). Ethology 113, 782-792.

Thompson, N.A., Cords, M., 2018. Stronger social bonds do not always predict greater
longevity in a gregarious primate. Ecology and Evolution 8, 1604-1614.

Tung, J., Archie, E.A., Altmann, J., Alberts, S.C., 2016. Cumulative early life adversity
predicts longevity in wild baboons. Nat. Commun. 7, 11181.

Weingrill, T., Willems, E.P., Zimmermann, N., Steinmetz, H., Heistermann, M., 2011.
Species-specific patterns in fecal glucocorticoid and androgen levels in zoo-living
orangutans (Pongo spp.). Gen. Comp. Endocrinol. 172, 446-457.

Wheeler, B.C., Tiddi, B., Kalbitzer, U., Visalberghi, E., Heistermann, M., 2013.
Methodological considerations in the analysis of fecal glucocorticoid metabolites in

A
&

41

Hormones and Behavior 108 (2019) 30-41

tufted capuchins (Cebus apella). Int. J. Primatol. 34, 879-898.

Wilkening, J.L., Ray, C., 2016. Characterizing predictors of survival in the American pika
(Ochotona princeps). J. Mammal. 97, 1366-1375.

Wittig, R., Crockford, C., Weltring, A., Langergraber, K., Deschner, T., Zuberbuehler, K.,
2016. Social support reduces stress hormone levels in wild chimpanzees across
stressful events and everyday affiliations. Nat. Commun. 7.

Young, C., Majolo, B., Heistermann, M., Schiilke, O., Ostner, J., 2014. Responses to social
and environmental stress are attenuated by strong male bonds in wild macaques.
Proc. Natl. Acad. Sci. 111, 18195-18200.

Zwick, W.R., Velicer, W.F., 1986. Comparison of five rules for determining the number of
components to retain. Psychol. Bull. 99, 432.


http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0450
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0450
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0455
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0455
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0460
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0460
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0465
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0465
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0465
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0470
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0470
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0470
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0475
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0475
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0480
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0480
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0480
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0485
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0485
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0485
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0490
http://refhub.elsevier.com/S0018-506X(18)30063-1/rf0490

	Energy balance but not competitive environment corresponds with allostatic load during development in an Old World monkey
	Introduction
	Methods
	Study site and population
	Fruit availability and rainfall
	Fecal and urine sample collection and fecal glucocorticoid (fGC) and urinary C-peptide (uCP) analysis
	Data binning, life history and competitive environmental variables
	Behavioral data collection for exploratory analysis
	Statistical analysis

	Results
	Aim 1: life history, competitive, and ecological predictors of energy balance, measured by uCP
	Aim 2: life history, competitive, and energetic predictors of allostatic load, measured by mean dfGC per period
	Aim 3a: social strategies characterized by principal components
	Aim 3b: relationship of social strategies with allostatic load

	Discussion
	Variation in energy balance during development (Aim 1)
	Relationship of energy balance with juvenile allostatic load (Aim 2)
	Social strategies during development and their ecological and life history correlates (Aim 3a)
	Preliminary findings of social strategies' role in juvenile allostatic load (Aim 3b)

	Conclusions and future directions
	Funding
	Acknowledgments
	Supplementary data
	References




