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The proximate causes of variation in glucocorticoids (GCs) of many free-ranging primates are still
unclear, and in some cases, the available evidence is contradictory. Such is the case of mantled howler
monkeys. In the present study, we tested whether variation in GC levels in this species could be
predicted by energetic challenges or by psychosocial stressors. We focused on two groups living in Los
Tuxtlas (Veracruz, Mexico) that differed in a number of parameters including: group size, habitat size,
number of groups, and solitary males within the same habitat. Furthermore, one of the groups
experienced changes in composition during our observations. From March to December 2009 we
determined food availability in each group’s habitat, studied the behavior of all adult individuals
(N =17), including, feeding, time budgets, ranging, and social interactions (N =426.6 h), and measured
weekly GCs in fecal samples (N =160 individual/weeks) of both females and males. We found that
participation in agonistic interactions, which were more frequent in the group that lived in the smaller
habitat, was associated with increased weekly GCs, particularly in pregnant and lactating females.
During the dry season weekly GCs were also higher in the group that lived in the smaller habitat.
Although in this group individuals significantly increased travel time during the dry season, weekly GC
levels were unrelated to time-budgets or ranging distances, contrasting with previous findings on
mantled howler monkeys’ GC response. We found no evidence that weekly variation in GC levels
between groups resulted from differences in food availability. Our results indicate that mantled howler
monkey GC levels respond to the effects of agonism, reproductive state, and the influence of a seasonal
stressor, which may be attributable to anthropogenic disturbance. We conclude that psychosocial
stressors affect the GC response of mantled howler monkeys, and that this response is modulated by
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INTRODUCTION

Glucocorticoids (GCs) are the main modulators of
physiological stress responses in vertebrates [Sap-
olsky et al., 2000]. Depending on their actions during
a typical stress response [as described by Sapolsky
et al., 2000], GCs may alter an organism’s response to
an ongoing stressor or may prepare an organism’s
response to a subsequent stressor. Independently
from the nature of the stressful stimuli, during the
stress response GCs increase circulating glucose
through a number of mechanisms, contributing to
the depletion of present and, when the action of a
stressor is prolonged, future energy stores [Sapolsky
et al., 2000]. Therefore, the role of GCs in energy
allocation in both females and males makes them
good indicators for the energetic consequences of
stress, and their measurement may provide insights
into the selective forces acting on animal populations
that face variation in the availability of energy.

© 2013 Wiley Periodicals, Inc.

Non-invasive measurement of GCs have been
used to assess the stress response of wildlife,
including female and male primates, to environmen-
tal [e.g., temperature: Weingrill et al., 2004], ecologi-
cal [e.g., food availability: Pride, 2005; predation:
Arlet & Isbell, 2009], psychosocial [e.g., social rank:
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Abbott et al., 2003; social instability: Engh
et al., 2006], or metabolic [e.g., pregnancy: Setchell
et al., 2008] stressors, as well as the interactions
among different stressors. For instance, in ring-tailed
lemurs (Lemur catta) cortisol levels of females
increase during periods of food scarcity, but the
best predictor of cortisol variation is dominance rank
[Cavigelli, 1999]; and in blue monkeys (Cercopithecus
mitis) GCs increase during periods of low availability
of preferred foods, although this effect is particularly
pronounced in females that are pregnant or in early
lactation [Foerster et al., 2012]. Despite these efforts,
the proximal causes of variation in the stress
response of many free-ranging primates are still
unclear, and in some cases, the available evidence is
contradictory.

There is currently evidence that female mantled
howler monkeys (Alouatta palliata) that live in forest
fragments with high densities of solitary males, have
higher GC levels, presumably because these repre-
sent psychological stressors due to takeover-infanti-
cide possibilities [Cristobal-Azkarate et al., 2007].
However, it has also been found that in this species
GC levels are negatively related to food availability,
either directly through a reduction in the abundance
of food sources in small forest fragments [Aguilar-
Cucurachi et al., 2010], or indirectly, through an
increase in time traveling to reach food (fruits)
sources, which are scarcer in small forest fragments
[Dunn et al., 2011, 2013]. Conversely, GC levels of
reproductive females (i.e., pregnant and lactating)
are higher than those of both non-reproducing
females and males, independently of habitat charac-
teristics [Dunn et al., 2011]. In Central American
black howler monkeys (A. pigra), a species closely
related to mantled howlers [Cortés-Ortiz et al., 20071,
GCs are also higher in more disturbed habitats [i.e.,
small forest fragments vs. large continuous forests:
Martinez-Mota et al., 2007] as well as in central
males [Van Belle et al., 2009]. To date, no study has
assessed the relationship between GC and rates of
social interactions in mantled howler monkeys or
directly measured the effects of variation in food
availability among different habitats on behavior and
GC levels.

Here we examined the GC levels in both sexes of
mantled howler monkeys across two groups inhabit-
ing the Los Tuxtlas region of Veracruz, Mexico. More
generally, we were interested in how energetic (food
availability) and psychosocial stressors (feeding
competition, takeover-infanticide probabilities) af-
fected physiological stress profiles. One group lived in
a large forest fragment with multiple groups and
solitary males (hereafter, Montepio), whereas the
other group included less individuals and lived in a
small forest fragment without other groups or
solitary individuals (hereafter, Balzapote). In addi-
tion, two individuals (one male and one female)
immigrated into Montepio during our study. Specifi-
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cally, we tested the following competing predictions.
First, we predicted that variation in GC levels would
be mainly determined by energetic stressors. Food
availability should be higher for a group living in a
larger habitat [Arroyo-Rodriguez & Dias, 2010], thus
preferred seasonal foods [i.e., young leaves and fruits:
Milton, 1980] should be consumed more frequently in
Montepio. In turn, this abundance of preferred foods
should result in an energy saving time-budget (i.e.,
more time spent resting, less time spent feeding and
traveling as well as shorter ranging distances) and in
lower within group feeding competition (more affilia-
tion and less agonism). As a consequence, GC levels
should be lower in Montepio. Second, variation in GC
levels would be mainly determined by psychosocial
stressors. Independently from differences between
habitats in food availability, by sharing its habitat
with other groups Montepio faces higher potential
within and between group direct and indirect feeding
competition [Arroyo-Rodriguez et al., 2011], thus
individuals should present an energy demanding
time-budget (i.e., less time spent resting, more time
spent feeding and traveling as well as longer ranging
distances) and more agonism in feeding contexts.
Furthermore, the immigration of new individuals
and the presence of solitary males in Montepio should
represent additional strong stressors for females,
particularly for females that are pregnant and
lactating. As a consequence, GC levels should be
higher in Montepio.

METHODS

This research adhered to the American Society of
Primatologists principles for the ethical treatment of
primates.

Study Sites and Subjects

We selected two groups of howler monkeys
(Alouatta paliatta) that inhabited two forest frag-
ments (separated by ca. 1km) in the Los Tuxtlas
region, in the southeast of the state of Veracruz,
Mexico (Fig. 1). In this region the climate is warm and
humid, with a mean annual temperature of 25°C and
annual rainfall that oscillates between 3,000 and
4,600 mm [Soto, 2004]. There is a marked seasonal
difference in rainfall levels, with ca. >80% of total
annual rainfall falling from June to January (wet
season) and ca. <20% falling in the months of
February—May (dry season) (data for the period
1989-2012 from the nearest weather station—ca.
2.5km from the study sites: Estacion Biolégica Los
Tuxtlas, Instituto de Biologia, UNAM). The original
dominant vegetation at altitudes below 700-m asl
was tropical rainforest, but this region has been
severely disturbed over the past 60 years and the
remaining forest is surrounded by a matrix of
pastures and croplands.
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Fig. 1. Location of the study area in the Veracruz state (left), of the study sites in the Los Tuxtlas region (center), and of each group’s home

range in its forest fragment: (a) Montepio; (b) Balzapote.

The first group (Montepio hereafter) occupied a
large forest fragment located near the town of
Montepio, whereas the second group (Balzapote
hereafter) occupied a riparian forest fragment near
the town of Balzapote that was ca. 15 times smaller
than Montepio (Fig. 1). These groups were selected to
maximize differences in potential within and be-
tween group competition, as assessed by group size

and the number of groups inhabiting the same
habitat, respectively, as well as in habitat size
(Table I). During the first sampling period (see below)
one female with an infant about 2 months of age
entered the Montepio group, and during the second
half of the second sampling period an adult male
immigrated to this group. We studied all adult
individuals from the two groups, which were known

TABLE I. Demographic Characteristic of Two Groups of Howler Monkeys Living in Two Forest Fragments in Los
Tuxtlas and the Characteristics of Their Habitats and Home ranges

Montepio Balzapote
Characteristics of the fragments
Size (ha) 230.6 15.6
Number of groups® 12 1
Number of solitary males® 3 0
Population density (individuals/ha) 1.8 1.56
Characteristics of the study groups
Number of adult males 6 (5)f 3
Number of adult females 5 (4)f 3
Number of juveniles 3 2
Number of infants 2 2
Characteristics of the home ranges
Size (ha)" 15.94 9.04
Mean DBH® 19.3 23.3
No. Ficus spp. (individuals/ha)® 0 9
Density of BTTFT (individualls/ha)c’d 0 30
Estimated overall BTTFT (individuals) 0 271.2
Biomass of FrTFT (kg/ha)®® 57,363,753.6 346,403,712.9

Estimated overall FrTFT (kg)

914,378,231.7 3,131,489,565.0

“Determined by direct counts of individuals [following Cristébal-Azkarate et al., 2005].

PCalculated with the digitized polygons method [Ostro et al., 1999].
‘Calculated from Gentry [1982] transects.

4BTTFT = big trees (DBH > 60 cm) from top food taxa [Dunn et al., 2009].

°FrTFT = fruits from top food taxa [Dunn et al., 2009].

Two individuals (one female and one male) immigrated during the study.

Am. J. Primatol.
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and easily identified by their natural anatomical and
physiognomic characteristics, such as body size and
proportions, scars, broken fingers, genital morpholo-
gy and pigmentation, as well as blond hairs and skin
pigmentation on the feet, hands and tail. Following
Dunn et al. [2013], we classified females as pregnant
(defined as starting from the day of estimated
conception to the day before parturition), lactating
(defined by either observations of lactation, or, as
starting from the day of parturition until 20 months,
when latest weaning occurs), or in other reproductive
state (neither pregnant nor lactating). We based this
classification on observations of births and lactation
during the study and during periodical visits to the
study groups up to 7 months after the end of the
study.

Behavioral Observations

Observations were performed during complete
days (i.e., 6:00-7:00 to 17:00-18:00, depending on
the time of year). We used focal-animal sampling
with continuous recording (1-h samples) to study
time budgets, feeding behavior, and ranging dis-
tances. All adults in a group were randomly chosen
as focals, with no animals sampled twice until all
were sampled once. We recorded time-budgets using
the software EZrecord for Palm Pilot, and catego-
rized behavioral observations into the following:
feeding, resting and traveling. During feeding we
recorded the time focal animals dedicated to the
consumption of fruits, mature leaves, young leaves
and flowers. All trees used by focal animals were
marked and located with a handheld global posi-
tioning system, and subsequently digitized as points
with ArcView 3.2 (Environmental System Research
Institute, USA). Ranging distances were calculated
as the sum of the lengths (in meters) of straight lines
connecting individual tree points used by individua-
Is during each focal sample. These straight lines
were also used to calculate the home range of each
study group with the digitized polygons method
[Ostro et al., 1999]. Agonistic and affiliative social
interactions exchanged among adults were recorded
with the all occurrences sampling by one observer
(E.G.E.) with the help of one field assistant. High
visibility in both sites allowed seeing all group
members at all times, and therefore, using this
sampling method. Each time an interaction oc-
curred, we recorded the identities of both actor
and receiver, as well as the description of the social
interaction (Table II). The sampling of social
interactions was performed simultaneously with
focal sampling described above.

We collected a total of 426.6 focal hours, 231.9 in
Montepio and 194.7 in Balzapote, with an average
(£SD) of 21.1+3.7 focal hours per individual in
Montepio and 32.5 +2.9 focal hours in Balzapote.
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TABLE 1II. Frequencies of Social Interactions
Observed Per Group

Behavior® Montepio Balzapote

Affiliation
Embrace 8 1
Greeting ceremony 5 2
Groom 34 5
Hold hands 5 1
Play 110 26
Sit in contact 159 56
Touch 42 16

Agonism
Avoid 5 3
Charge 4 8
Chase 1 1
Cower 1 3
Displace 15 28
Fight 4 0
Flee 0 1
Push 0 1
Slap 0 1
Supplant 25 42
Threat 11 22
Total 429 217

“Behaviors described in Dias [2002].

Assessments of Food Availability

Previous research at Los Tuxtlas indicated that
mantled howler monkeys have folivore—frugivore
diets, but that the relative proportions of consumed
leaves and fruits vary seasonally [Crist6bal-Azkarate
& Arroyo-Rodriguez, 2007; Dunn et al., 2009]. When
fruits (end of the dry season-beginning of the rainy
season, and wet season) and young leaves (dry
season) are more abundant, mantled howler monkeys
show a marked preference for consuming them [e.g.,
Dunn et al., 2010].

We measured food availability in three ways.
First, following Dunn et al. [2009], we determined the
availability of big trees [i.e., diameter at breast
weight (DBH) >60 cm] and fruit of top food taxa [i.e.,
the 10 most-consumed tree taxa by howlers at Los
Tuxtlas] by sampling vegetation in each site with the
Gentry [1982] protocol. Specifically, at the end of the
first sampling period we located ten 50m x 2m
transects in the areas that were occupied by each
group, and measured the DBH of all trees >10cm,
which we identified at the species level. From these
samplings we determined both the density and the
overall availability big trees from top food taxa, as
well as the density and the overall availability of
fruits from top food taxa following the calculations
proposed by Dunn et al. [2009], corrected for the area
that was sampled in the present study. We addition-
ally calculated the mean DBH (by averaging the DBH
of all sampled trees) and the number of Ficus spp. per
site. Second, to assess the abundance of fruits,
mature leaves, young leaves and flowers in the



habitat of each group, in each of the Gentry transects
described before we located the four nearest trees
with DBH >10cm to each 10m of the transect,
resulting in 24 sampling trees per transect and 240
trees per site. We assessed the presence and coverage
of the plant parts mentioned above in each tree using
the following abundance scores: 0 =none, 1 =1-25%,
2=26-50%, 3 =51-75%, 4 ="76-100%. Phenological
sampling was conducted at the end of each behavioral
sampling period (i.e., one sampling per season per
group). Third, with the abundance scores described
above, we determined the abundance of fruits,
mature leaves, young leaves and flowers in each
tree that was used as a food source by focals.

Fecal Sample Collection and GC Analyses

Fecal samples were collected opportunistically
whenever they could be matched with individuals.
Fresh samples uncontaminated by urine were col-
lected from the forest floor and deposited in polyeth-
ylene bags labeled with the identity of each
individual. We analyzed 285 fecal samples (192
from Montepio and 93 from Balzapote), with an
average (+SD) of 16.7 4+ 3.67 samples per individual,
3.2+ 1.2 samples per week per individual and
8.4 +4.6 samples per individual per season. Fecal
samples were kept in a cooler with frozen gel packs
while in the field and stored at the end of the day in a
freezer at —20°C at the field station until extraction
was performed. Samples were stored at constant
temperature (—20°C) for a maximum of 12 months
until the extractions were conducted. The freezing
procedure used for storing the samples has been
reported to have a weak time-storage effect on fecal
hormone metabolites in other primate species [Khan
et al., 2002].

Steroid metabolites were extracted following a
modification of the method described in Wasser et al.
[2000]. Briefly, 0.6 g of homogenized, lyophilized, and
pulverized feces was shaken for 24h in 6.0ml of
analytical-grade methanol. Extracts were then cen-
trifuged (460g for 30min at —40°C), and the
supernatant containing the steroids was recovered.
After complete evaporation of the solvent, pellets
were reconstituted with 3-ml albumin buffer and
used for the GC analyses.

To date, all studies addressing variation in GC
levels of howler monkeys as a function of ecological
and social factors have used fecal samples and have
measured either cortisol [Aguilar-Melo et al., 2013;
Behie et al., 2010; Martinez-Mota et al., 2007; Van
Belle et al., 2009] or corticosterone [Aguilar-Cucur-
achi et al., 2010; Cristébal-Azkarate et al., 2007;
Dunn et al., 2011, 2013] metabolites. GC assays were
conducted at the Instituto de Ciencias Médicas y
Nutricién Salvador Zubiran, in Mexico City. Fecal GC
levels in all samples were measured using a
commercial radioimmunoassay %I cortisol kit (Izo-
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top, Institute of Isotopes Ltd, Budapest, HU; sensi-
tivity = 2.9 nmol/l; calibration range = 0-1,600 nmol/
L) and gamma counter (Cobra Model E5005, Packard,
Inc., Downers Grove, IL, USA). The manufacturer
reports low cross-reactivity with corticosterone
(4.3%).

As a biological validation of our assay, we
determined the short-term effect of capture (an acute
stressor) and anesthesia (ketamine) on the GC
excretion profile in feces of three howler monkeys
(one male and two females) following the procedures
described above. We collected all fecal samples
(N=23; 7.7+ 2.5 SD samples per individual) from
5h before to 96 h after capture, and compared pre-
capture levels with peak concentrations (i.e., the
highest post-stressor values that were >2* SD above
the mean concentration before capture), using a
Wilcoxon signed-rank test. GC levels peaked at a
mean (+SD) of 21.54+0.4h after capture. Peak GC
levels (mean +SD=1,497 +290ng/g) were signifi-
cantly higher than pre-capture levels
(809.4 +187.5ng/g; Hy 7=4.5, P=0.034), indicating
that our GC assays reliably measured adrenal
responses of mantled howlers to stressors. This
capture was part of a concurrent project on the
genetics of mantled howler monkeys, and our capture
and handling procedures [Canales-Espinosa
et al., 2011] were approved by Mexican authorities
(SEMARNAT, SGPA/DGVS/10637/11).

Howler monkeys’ pooled fecal extracts, when
added to the standard curve points, exhibited an
accuracy of R2=0.99 (N=4, P<0.001), and serial
dilutions of a fecal pool from howler monkeys yielded
results that ran parallel to the GC standards
(R?=0.91, N=4, P<0.01). Fecal pools with three
different total GC levels (low, medium, and high)
were used as quality controls. A total of 48 assays
were run for each GC level, and the intra- and inter-
assay coefficients of variation were 8.4% and 7.2%,
respectively. The mean recovery of GC extracted from
fecal samples, as described above, was 61.7% (N = 6).
All samples were run in duplicate, and mean GC
values are reported as ng/g dry feces.

Data Organization and Analyses

The study was performed between March and
December 2009 and was divided into four sampling
periods, corresponding to one sampling period per
season (wet and dry season) per group. Each
sampling period was divided into five weeks, during
which for each individual we collected behavioral
data, fecal samples, and determined abundance
scores of plant parts in trees used as food sources.
The female that immigrated to the Montepio group
joined the group during the third week of the dry
season sampling period, whereas the immigrating
male joined the group in the fourth week of the wet
season sampling period. Therefore, for Montepio we

Am. J. Primatol.



6 / Gémez-Espinosa et al.

analyzed a total of 100 individual/weeks (48 in the dry
season and 52 in the wet season), whereas in
Balzapote we analyzed a total of 60 individual/weeks
(30 in the dry season and 30 in the wet season).

We compared the abundance of each plant part
(i.e., young and mature leaves, fruits and flowers;
assessed through phenological transects) in each
sampled tree (N =240) between seasons within and
between sites with repeated-measures MANOVA
tests. In these tests we nested tree identity within
transect identity, and transect identity within sites to
account for spatial autocorrelation. To compare the
abundance of plant parts in trees used by individuals
as food sources between seasons and sites we first
calculated weekly mean abundance scores per
individual. We then performed linear mixed models
(LMM) to analyze the effects of site and season
(independent fixed factors) in weekly variation in
mean abundance scores of plant parts in trees used by
each individual as food sources.

The time each individual spent in each time-
budget component (i.e., feeding, resting, and travel-
ing) during focal samples was transformed into
proportion of total observation time per week, and
time dedicated to feeding on mature and young leaves,
fruits and flowers was transformed into proportions of
total feeding time per week. We calculated individual
ranging distances per week as the sum of distances
ranged by each individual during focal samples in a
particular week divided by the total observation time
for each individual in that week. For each individual,
we calculated weekly rates of affiliation and agonism
by dividing its frequency of participation as both actor
or receiver in interactions by the total number of
observation hours conducted for its group in each
week. These rates were corrected for group size, by
dividing individual interaction rates by the number of
adults in each subject’s group, not including the
subject. We used LMM to analyze the effects of: (1)
site, season, reproductive state (i.e., males, pregnant,
lactating, and females in other reproductive state)
and the abundance of plant parts in trees used as food
sources (fixed predictive factors) on weekly variation
in feeding behavior; (2) site, season and reproductive
state (fixed predictive factors) on weekly variation in
time budgets, ranging distances and social interac-
tions; (3) feeding behavior (i.e., time spent consuming
each plant part) site, season and reproductive state
(fixed predictive factors) on weekly variation in time
budgets, ranging distances and social interactions.
GC levels were averaged for a given individual within
each week. To analyze variation in GC levels, we ran a
LMM including all time budget behaviors, ranging
distances, social interactions, site, season and repro-
ductive status and two-way interactions among these
variables as predictive fixed factors and individual GC
levels per week (N=160 individual/weeks) as a
dependent variable. We used Akaike’s information
criterion to select the most parsimonious model, that
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is, the combination of predictive fixed factors that best
explained variation among individuals in GC levels
[Motulsky & Christopoulos, 2003]. To reduce collin-
earity among the predictor variables, we checked the
variance inflation factor. Redundant variables were
deleted where variance inflation factor values were
above 4, which indicate possible multicollinearity
[Chatterjee et al., 2000]. Specifically, we excluded
time spent resting because it was highly correlated
with feeding time (r=-0.88, P <0.001) and travel
time (r=—0.75, P <0.001). In all LMM, we specified
weeks within individuals and individuals within sites
as hierarchical random effects to account for the
repeated sampling of several individuals belonging to
the same group through time. Proportional data were
normalized using the arcsine square root transforma-
tion, whereas ranging distances, social interaction
rates and GC levels were normalized using a
logarithmic (In) transformation. Following transfor-
mation all variables showed normal distributions and
homogeneous variances (Kolmogoro—Smirnov tests
and Levene’s tests: P>0.05). For each dependent
variable we report means =+ standard errors (SE). All
tests were two-tailed and were performed with SPSS
12.0 (SPSS, Inc., Chicago, IL, USA.). Significance was
set at P < 0.05.

RESULTS

Feeding Behavior Depends on Food
Availability

We assessed food availability for each group
through vegetation transects, phenology transects
and by measuring food abundance in trees used as
food sources. Vegetation transects indicated that,
although the home range size of Balzapote was ca.
43% smaller than that of Montepio, the number of big
trees for top food taxa and the biomass of fruits from
top food taxa were greater in the former than in the
latter (Table I). In Balzapote there were also more
large trees and more Ficus spp. trees than in
Montepio.

Data from phenology transects indicated that at
both sites the wet season was a period of higher
abundance of mature leaves, fruits and flowers,
whereas young leaves were more abundant in the dry
season (Table III). Seasonal variation in mature
(F118=271, P<0.001) and young leaf abundance
(F118=12.1, P=0.003) was significant in both sites;
young leaf abundance during the wet season was
significantly higher in Montepio than in Balzapote
(F118=19.2, P <0.001). In both sites fruits and flowers
were absent from sampled trees during the dry season.

The mean weekly abundance scores of fruits in
trees used by individuals as food sources (Table III)
was not different between groups (F;i9g7=0.02,
P =0.891), but was overall higher in the wet season
than in the dry season (Fy 211 =8.3, P=0.005). In
contrast, the abundance of mature leaves in feeding
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TABLE III. Variation (Mean + SE) Within and Between Sites in the Abundance of Plant Parts

Montepio Balzapote
Wet season Dry season Wet season Dry season
Phenology transects®
Mature leaves 3.2+0.08 1.3+0.04° 3.9+0.03 0.9 +£0.06°
Young leaves 1.44+0.07 3.5 +0.04° 0.8+0.05¢ 3.4+0.05¢
Fruits 0.2+0.04 0.0 +0.00 0.2+0.04 0.0+0.00
Flowers 0.5+0.07 0.0+0.00 0.4+0.06 0.0+0.00
Phenology of feeding trees®
Mature leaves 2.5+0.11 2.3+0.11 3.8+0.04¢ 2.9 +0.06°
Young leaves 2.3+0.10 2.3+0.08 1.1+0.07 1.6 +£0.05°
Fruits 0.7+0.12 0.2+0.03 1.2+0.11 0.5+0.06
Flowers 0.01+0.01 0.3+0.05 0.1+0.03 0.05+0.02

2N = 240 trees per site.

bCalculated from mean weekly abundance scores of trees used by individuals as food sources. Montepio dry season N = 83 feeding trees; Montepio wet season
N =60 feeding trees; Balzapote dry season N = 85 feeding trees; Balzapote wet season N = 86 feeding trees.

‘Significant difference between seasons in the marked group.
dSignificant difference between groups in the marked season.
®Significant difference between groups in both seasons.

trees was significantly higher in Balzapote than in
Montepio in both seasons (#1101 =40.1, P <0.001),
and was also higher in the wet season (F'; 5397 =5.8,
P=0.019). Young leaf abundance was higher in
Montepio than in Balzapote (F11366=29.7,
P<0.001) but did not vary between seasons
(F1 6654 =3.4, P=0.079). Flower abundance did not
vary according to site (Fy 1771 =0.09, P=0.771) or
season (F'y 57.77=0.8, P=0.366).

For each plant part, we analyzed variation in the
time each individual spent feeding from it with
respect to its respective abundance in trees used as
food sources, site, season, and reproductive state.
Independently from season of the year or reproduc-
tive state, the proportion of time spent consuming
fruits increased when individuals fed in trees
with more fruits (F; 7021 =21.9, P <0.001) and was
higher in Balzapote than in Montepio (¥47=20.3,

P=0.026; Table IV). There were no differences
between groups, seasons, or among reproductive
states in the proportion of time spent eating both
mature and young leaves (P> 0.05). Time spent
eating flowers could not be analyzed due to many
missing cases (i.e., several individuals from both
groups did not consume flowers in several observa-
tion weeks), although flower consumption tended to
be higher in Balzapote.

Time Budgets, Ranging Distances, and Social
Behavior Depend on Feeding Behavior

We compared the time budgets, ranging dis-
tances, and social behavior of individuals between
sites, seasons, and among reproductive states. The
proportion of time spent traveling was higher in
the dry season in Balzapote than in Montepio

TABLE IV. Variation (Mean + SE) Between Groups and Seasons in Feeding Behavior, Time Budgets, Ranging

Distances, Social Interactions and GC Levels

Montepio

Balzapote

Behavior and cortisol Wet season

Dry season Wet season Dry season

Fruits (%) 41.1+15
Mature Leaves (%) 0.6+0.1
Young leaves (%) 58.3+1.6
Flowers (%) 0.0+£0.0
Feeding (%) 14.7+2.1
Resting (%) 72.0+3.3
Traveling (%) 13.3+2.3
Ranging distances (m/h/wk) 85.6+11.7
Affiliation (interactions/h/individual) 0.03+0.01
Agonism (interactions/h/individual) 0.006 +£0.01
Cortisol (ng/g) 416.5+67.9

14.6+0.6 63.0+£3.2 33.9+3.2°
6.7+0.8 1.74+0.3 2.3+0.3
78.7+2.1 28.1+0.9 49.9+2.7
<0.01+0.0 7.240.05 14.0+0.5
14.84+2.1 1954+ 34 26.0+£3.9
77.6+2.8 71.1+4.1 63.5+4.8
76+0.9 95+1.4 105+ 15
81.5+21.8 74.6+10.8 93.2+15.6
0.04 £0.00 0.01+0.00 0.02 £ 0.00%
0.007 +0.00 0.01+0.00 0.02+0.01%
450.24+57.9 397.6+64.8 698.9 +118.6°

2Significant difference between groups in both seasons.
bSignificant difference between groups in the marked season.

Am. J. Primatol.
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(F1,63.82=4.4, P=0.039; Table IV). There were no
differences between groups in the proportion of
time spent feeding, time spent resting, and in
ranging distances. Affiliation rates were signifi-
cantly higher in Montepio than in Balzapote
(F'1,41.65 =4.1, P=0.049), whereas rates of agonism
were higher in Balzapote than in Montepio
(F11361=6.5, P=0.024) and in males than in
females, independently from their reproductive
state (F3,34.68 :53, P= 0004, Flg 2)

We analyzed whether variation in time budgets,
ranging distances, and social interactions was
explained, in addition to site, season, and reproduc-
tive state, by feeding behavior. At both sites, when
individuals spent more time eating fruits they spent
less time traveling (F'q1222=28.4, P<0.001), and
this relationship was more marked in the wet season
(F14416=7.2, P=0.011). Time spent consuming
fruits did not predict time spent feeding and resting,
ranging distances or social interactions (P >0.05).
Atboth sites and seasons, when individuals ate more
mature leaves they fed for less time (F'; 1195 =21.0,
P <0.001), traveled less (Fy3157=9.8, P=0.002),
ranged for shorter distances (F1216=16.2,
P <0.001) and rested longer (Fyi121=74.8,
P <0.001). The consumption of young leaves posi-
tively predicted: (1) feeding time (F'1125=9.8,
P =0.002), particularly at Montepio (¥ 1364=4.9,
P =0.045); (2) travel time (F; 1169 = 14.5, P < 0.001),
particularly during the wet season (Fy 36.79=38.8,
P =0.005); and (3) ranging distances (¥'y,116=5.3,
P =0.023). Young leaf consumption negatively pre-
dicted time spent resting (#1141 =9.2, P=0.003).
Time spent consuming both mature and young
leaves did not predict rates of social interactions.

0.15 ~

010 — —————

0.05

.| i

Pregnant females  Lactating females

Agonistic interacions (interactions'h)

4 9
Other females Males

Fig. 2. Mean (+SE) rates of agonistic interactions per sex (males
N =82 individual/weeks) and female reproductive state (preg-
nant females N =30; lactating females N =28; other females
N =20)in the two groups. The number of individuals contributing
to each mean is provided below bars. Significant differences are
denoted by an asterisk.

Am. J. Primatol.

GC Levels Depend on Time Budgets, Ranging
Distances, and Social Interactions

We modeled variation in weekly GCs as a function
of time budgets, ranging distances, and social
interactions. Weekly GC levels were not predicted
by time budgets or ranging distances. The best model
(i.e.,lowest AIC value) explaining variation in weekly
GC levels included the interaction between site and
season (Fygg67=16.8, P<0.001; Fig. 3), rates of
agonism (¥ 1145=15.2, P<0.001) and the interac-
tion between reproductive state and agonism
(F31065=2.9, P=0.038; Fig. 4). According to these
results, weekly GC levels were significantly higher:
(1) in Balzapote than in Montepio during the dry
season; (2) when individuals interacted more agonis-
tically; and (3) in pregnant and lactating females that
were involved in agonistic interactions than in males
and females in other reproductive states.

DISCUSSION

We tested whether weekly variation in GC levels
between two groups of mantled howlers could be
predicted by differences in energetic challenges or by
psychosocial stressors. We found that participation in
agonistic interactions, which were more frequent in
Balzapote that lived in the small forest fragment, was
associated with an increase in weekly GCs, particularly
in pregnant and lactating females. During the dry
season weekly GCs were also higher in Balzapote.
Although in this group individuals significantly in-
creased travel time during the dry season, weekly GC
levels were unrelated to time-budgets or ranging
distances, contrasting with previous findings on man-
tled howler monkeys’ GC response [Dunn et al., 2013].
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Fig. 3. Mean (+SE) GC levels per group in each season: (a) dry
season (Montepio N = 48 individual/weeks; Balzapote N = 30); (b)
wet season (Montepio N =52; Balzapote N = 30). The number of
individuals contributing to each mean is provided inside bars.
Significant differences are denoted by an asterisk.
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Overall, both groups experienced similar seasonal
variation in the abundance of foods, but the group
that lived in the small forest fragment had higher food
availability as measured by the occurrence of big trees,
fruits and figs. However, we found no evidence that
variation in weekly GC levels between groups resulted
from differences in food availability. Therefore, our
results indicate that GC levels of mantled howler
monkeys respond to the effects of agonism, reproductive
state, and the influence of a seasonal stressor in the
small fragment that could not be definitively deter-
mined in the present study.

Our study is the first to analyze the relationship
between rates of social interactions and GC variation
in howler monkeys. Agonistic interactions in this
genus are in general infrequent and of low-intensity,
mostly involving spatial displacements and ritual-
ized behaviors [e.g., Dias et al., 2008; Van Belle
et al., 2008], which have been associated with the
energetic constraints of a primarily folivorous diet
[Milton, 1980]. However, dominance-related agonis-
tic behavior has been reported among females
[Jones, 1980; Zucker & Clarke, 1998], and direct
confrontations between males may lead to serious
physical injury or death [Dias et al., 2010]. Social
interactions have the potential to represent strong
stressors, because they may entail both a high degree
of unpredictability [Creel, 2001] and an increase in
metabolic demands [Muller & Wrangham, 2004]. In
our study, it is unlikely that agonistic interactions
caused an increase in energy expenditure, because
they were mostly displacements and threats. There-
fore, we propose that, as reported for other primates

[e.g., Crockford et al., 2008; Ostner et al., 2008], in
mantled howler monkeys participation in agonistic
interactions, although infrequent, may result in
psychological stress. As we could not define a
dominance hierarchy in these groups because many
dyads (37% in Montepio and 25% in Balzapote) did
not exchange agonistic interactions, it remains for
future research to determine whether the observed
relationship between GC response and participation
in agonistic interactions in mantled howler monkeys
depends on individual rank [Abbott et al., 2003].

In primates the relationship between agonism
and stress responses is primarily associated with
unpredictability about the nature and quality of social
relationships [Foerster et al.,, 2012], as usually
happens in the context of immigrations or rank
reversals [e.g., Engh et al.,, 2006]. We therefore
expected that the changes in group composition that
occurred in Montepio would result in higher weekly
GC levels in this group. Further, a previous study
documented that female mantled howler monkeys
increase their GC levels in response to higher
takeover probabilities by extra-group males [Cristé-
bal-Azkarate et al., 2007], which were higher at
Montepio. However, the relationship between weekly
GCs and agonism did not vary according to site, but
rather depended on sex and reproductive state.
Pregnant and lactating females, which in general
were less involved in agonistic interactions, showed
more significant weekly GC responses to agonism
than non-reproductive females and males. As GCs are
expected to be elevated during moments of increased
metabolic demands [Sapolsky et al., 2000], such as

Am. J. Primatol.
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those associated with gestation and lactation [Gittle-
man & Thompson, 1988], it is possible that GC
responsiveness to negative social interactions is
higher in reproducing females [Hoffman et al., 2010;
but see Brunton et al., 2008]. In addition, negative
social interactions with conspecifics may lead to
miscarriage or infant loss [e.g., Pereira, 1983; Shop-
land & Altmann, 19871, therefore representing strong
psychological stressors for females. For instance, the
female that entered the Montepio group had a 2-
month-old infant. Soon after her immigration we
observed on several occasions other females trying to
separate the infant from its mother, and these
attempts usually involved the exchange of agonistic
interactions. In weeks when such interactions oc-
curred this female had some of the highest GC levels
registered among Montepio females, whereas in
weeks without agonistic interactions involving infant
handling her GC levels were lower, also suggesting
that her elevated GC levels were not related to her
recent immigration. Still, in many mammals preg-
nancy is a transient period of hypercortisolism
[Mastorakos & Ilias, 2003], which could account for
the higher GC levels of pregnant females observed in
this and in a previous study with mantled howler
monkeys [Dunn et al., 2011]. Therefore, in addition to
psychosocial stress, other mechanisms could be
associated with increases in GCs during pregnancy
in this species. Measuring variation in female
hormonal profiles within reproductive states and its
relationship with ecological (e.g., food availability)
and behavioral (e.g., agonism) variables will allow a
better understanding of the results that were found
here.

We posed that if variation in GC levels of mantled
howler monkeys was mainly determined by energetic
stressors, weekly GC levels should be higher in
Balzapote than in Montepio. Accordingly, we found
such differences, although these were significant only
in the dry season. However, and contrary to our
prediction, these differences were not caused by an
increased foraging effort in Balzapote associated with
lower food availability or quality compared to Mon-
tepio. Actually, overall food availability and fruit
consumption were higher in Balzapote (discussed
below) and although in the dry season individuals in
this group spent more time traveling, travel was not a
significant predictor of weekly GCs, as found in
previous studies with howler monkeys [Dunn
et al., 2013; Martinez-Mota et al.,, 2007]. Other
potential stressors that could have caused higher
weekly GC levels in Balzapote include walking on the
ground or increased human presence in the fragment.
During the dry season individuals traveled on the
ground on three occasions to reach a nearby area
where several trees had fruits. For arboreal primates
like howler monkeys, terrestrial locomotion represents
an atypical situation that may increase susceptibility
to predation [Rangel-Negrin et al., 2011], and there-
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fore could represent a stressful situation. Further-
more, people capture freshwater prawns
(Macrobrachium spp.) in the river that crosses the
Balzapote forest fragment, and we saw more people
visiting the river during the dry season, probably
because freshwater prawns are more abundant
throughout rivers in this season [Mejia-Ortiz &
Alvarez, 2010]. The frequent presence of people near
groups of black howler monkeys has been associated
with higher GC levels [Behie et al., 2010], suggesting
that a similar effect could explain the increased weekly
GC levels of mantled howler monkeys living in
Balzapote in the dry season. Therefore, we speculate
that differences in anthropogenic stressors that vary
seasonally between the two groups explain the higher
weekly GC levels found in Balzapote in the dry season.

Besides finding differences in GC between groups
residing in habitats of varying size, previous research
on howler monkeys has reported that GC levels are
higher in females than males [Aguilar-Cucurachi
et al., 2010] and in reproductive than non-reproduc-
tive females [Dunn et al., 2011], but we did not find
such effects. In contrast to what would be expected
under the energy expenditure prediction, our GC
model did not include the interaction among repro-
ductive state and season or site as significant
predictors. However, in the dry season two females
were pregnant and one was lactating in Balzapote,
whereas in Montepio two females were lactating and
three were in other reproductive states (i.e., in
ovulatory or anovulatory cycles). Conversely, during
the wet season in Balzapote there was one pregnant
female, one lactating female and one female in other
reproductive state, whereas in Montepio three
females were pregnant, one was lactating and one
was in other reproductive state. Therefore, the
difference between groups in the proportion of
females in energy demanding reproductive states
was higher during the dry season, which could
account for the observed differences in weekly GC
levels. Larger sample sizes will be required in the
future to reliably test these effects.

Contrary to our prediction, there was not a positive
relationship between habitat size and food availability.
It is noteworthy that the potential negative effects of
reduced food availability in small habitats for mantled
howler monkeys’ metabolic balance (and associated GC
response) has been commonly mentioned [Aguilar-
Cucurachi et al., 2010; Arroyo-Rodriguez & Dias, 2010;
Dunn et al., 2011, 2013], but actual food availability
had not been previously measured. Young leaves were
more abundant in Montepio in the wet season, a period
during which fruit abundance was high, and therefore
young leaves could be of lower importance to the diet of
howler monkeys, but the overall patterns of variation
in the abundance of plant parts were similar between
sites. However, in Balzapote there were more big trees,
figs, and fruit, all of which have been described as key
food resources for howlers [Behie et al., 2010; Dunn



et al., 2009; Serio-Silva et al., 2002] and other primates
[e.g., Fashing, 2001; Felton et al., 2008], and indepen-
dently from season of the year, howlers in Balzapote
consumed more fruit than in Montepio. These patterns
contrast with previous suggestions that howlers living
in small habitats face reduced food availability
[Arroyo-Rodriguez & Dias, 2010] and highlight the
importance of considering the specific structure and
composition of the vegetation when assessing the
interplay among forest size, food availability, behavior,
and stress. Finally, our results support previous
findings that howler monkeys’ time budgets show
little variation among groups living in fragments with
different sizes [e.g., Cristébal-Azkarate & Arroyo-
Rodriguez, 20071, as in both sites young leaf consump-
tion associated with energy-demanding time budgets
and ranging, mature leaf consumption associated with
energy-saving time budgets and ranging, and fruit
consumption associated with less traveling.

In conclusion, we found that psychosocial stres-
sors significantly affect the GC response of mantled
howler monkeys, and that this response is modulated
by reproductive state. Specifically, participation in
agonistic interactions increased weekly GC levels,
especially in pregnant and lactating females. How-
ever, documented seasonal differences in weekly GC
levels between the two groups suggest that other
factors, which could not be fully assessed in the
present study, also affect the GC response in mantled
howler monkeys. In contrast with previous studies on
the behavioral and physiological consequences of the
disturbance of mantled howler monkeys’ habitat, we
found that food availability is not always positively
related to habitat size and does not predict, either
directly through changes in feeding patterns or
indirectly through constraints on time budgets,
weekly GC levels. These conclusions leave a number
of unanswered questions on the interplay among the
ecology, reproductive physiology, and behavior of
howler monkeys. To resolve these questions, data on
the association between reproductive state and CG
levels from more groups living in a more diverse array
of social and ecological settings, together with long-
term data on the behavioral responses of howlers to
fluctuations in food availability, are needed.
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