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1 | INTRODUCTION

The reproductive process of female primates is energetically constrained. However,
while there is extensive evidence about factors that influence the maintenance of
gestation and lactation, less is known about energetic correlates of cycling and the
occurrence of conception in wild primates. We examined how female physical
condition affected the occurrence of conception and interbirth intervals (IBl) in female
mantled howler monkeys, a species in which females experience long non-conceptive
periods. For 6 years we followed 7 females at La Flor de Catemaco (Los Tuxtlas,
Mexico). In addition to noting the presence of dependent immatures, we collected fecal
samples that were analyzed for thyroid hormone and glucocorticoid metabolite
concentrations (N =1,460). Conception was more likely following months when
females were not lactating and had higher thyroid hormone and lower glucocorticoid
levels. IBIs were shorter when females had higher thyroid hormone and lower
glucocorticoid levels, and when the infant at the beginning of the interval died. Due to
their obvious impact on female fecundity and fertility, gestation and lactation are the
stages of the reproductive process that have traditionally received more attention in
studies of female reproductive performance. Still, the cycling stage accounts for a large
proportion of IBls in many primate species. Here we demonstrate that the reproductive
rates of female mantled howler monkeys are energetically constrained: both the

occurrence of conception and IBI are positively affected by female energetic condition.
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species listed in Opie, Atkinson, Dunbar, and Shultz (2013)). Therefore,
studying how females allocate energy throughout the reproductive

The reproduction of female primates is energetically constrained:
gestation, lactation, and ovulation may be suppressed when females do
not meet their energy requirements (e.g., Dufour & Sauther, 2002; Ellison,
2003; Furtbauer, Heistermann, Schiilke, & Ostner, 2013; McCabe &
Emery Thompson, 2013). Although alloparenting has been documented in
several species (e.g., Chism, 2000; Ross & MacLarnon, 2000), mothers are

consistently the main providers of parental investment (192 of 230

process is critical to understand the evolution of their reproductive
strategies and to predict variation in fitness.

Gestation and lactation are the most expensive stages of the
female reproductive process, as they may entail 25 and 25-100%
increases in energetic requirements, respectively (Altmann & Samuels,
1992; Key & Ross, 1999; Portman, 1970; Roberts, Cole, & Coward,

1985; van Noordwijk, Kuzawa, & van Schaik, 2013). In some primate
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species, however, variation in their duration may be smaller than
variation in time spent cycling before conceiving. For example, in
mandrills (Mandrillus sphinx) gestation ranges between 168 and
183 days (a 9% difference), lactational or postpartum amenorrhea
ranges between 74 and 538 days (151% difference), and cycling ranges
between 24 and 192 days (163% difference; Setchell, Lee, Wickings, &
Dixson, 2002; Setchell & Wickings, 2004). Thus, factors affecting the
occurrence of conception may be highly influential in female
reproductive rates.

The occurrence of conception is influenced by social (e.g., Beehner
& Lu, 2013) and ecological factors (e.g., Emery Thompson, 2013).
Overall, this evidence suggests that female reproductive function
depends on energy balance, and recent studies are starting to disclose
the mechanisms underlying conception probabilities in female primates.
Specifically, a positive energy balance has been linked to the occurrence
of conception in female chimpanzees (Pan troglodytes: Emery Thomp-
son, Muller, & Wrangham, 2012) and Sanje mangabeys (Cercocebus
sanjei: McCabe & Emery Thompson, 2013), as well as in women
(reviewed in Ellison (2003)). Positive balance is associated with higher
insulin levels, which in turn facilitate steroidogenesis, and as a
consequence normal ovarian function (Greisen, Ledet, & Ovesen,
2001; Willis, Mason, Gilling-Smith, & Franks, 1996). Despite such
progress, to understand the reproductive function of female primates
from a comparative perspective we need data on the association
between energy balance and conception occurrence from more species.

In recent years, the non-invasive monitoring of thyroid and
glucocorticoid hormones has allowed exploring the energetics of
wildlife (e.g., Emery Thompson, 2016). Both hormone families are
involved in metabolic processes, including gluconeogenesis in
individuals facing energetic challenges (Kim, 2008; Sapolsky, Romero,
& Munck, 2000). However, whereas glucocorticoid secretion occurs in
response to environmental (e.g., food availability: 2012; Bourbonnais,
Nelson, Cattet, Darimont, & Stenhouse, 2013), physical (e.g., climate:
Houser, Yeates, & Crocker, 2011), intrinsic (e.g., reproductive status:
Viblac, Gineste, Robin, & Groscolas, 2016), and psychological (e.g.,
social stress: Stocker, Munteanu, Stoewe, Schwab, Palme, & Bugnyar,
2016) demands, thyroid hormones seem to be unaffected by
psychological stress (Gobush, Booth, & Wasser, 2014). Therefore,
these hormones provide complementary information on the physio-
logical mechanisms associated with coping with energetic demands. In
this context, their measurement may assist in assessing the relation-
ship between energy balance and reproduction.

Howler monkeys (Alouatta spp.) are a genus of at least 12 species
(Cortés-Ortiz, Rylands, & Mittermeier, 2015) of diurnal, arboreal,
frugivorous-folivorous Neotropical primates that distribute from
Mexico to Argentina. Compared to other atelines (i.e., Ateles,
Brachyteles, and Lagothrix), howler monkeys begin reproducing at an
early age and interbirth intervals (IBl) are shorter (Di Fiore et al., 2011).
However, female mantled howler monkeys (A. palliata) have the
longest reported cycling period among atelines, a maximum of
15 months to conception (Di Fiore et al., 2011). Given a mean IBI of
22.5 months in this species (range = 18-25 months), the mean cycling
period (12.8 months; range = 11-24 months) accounts for 56.9% of

the IBI, compared with 27.6% for gestation (mean = 6.2, range = 6-6.5
months), and 15.6% for lactational amenorrhea (mean = 3.5 months,
range = 3-4 months; Glander, 1980). This partitioning of time among
the different stages of the reproductive process suggests that
conception may be particularly constrained in this species.

Recently, our team demonstrated that compared with gestating
and lactating females, cycling mantled howler monkey females have
lower energetic condition, as attested by lower urinary C-peptide and
fecal thyroid hormone levels (Cano-Huertes et al.,, 2017; Dias,
Coyohua-Fuentes, Canales-Espinosa, Chavira Ramirez, & Rangel-
Negrin, 2017). Furthermore, only in cycling females was energetic
condition positively related with food availability (Cano-Huertes et al.,
2017), suggesting that conception probabilities are constrained by
access to nutrients or energy. Given this evidence, and that the cycling
stage accounts for the largest proportion of IBI, it could be expected
that female reproductive rates are influenced by female energetic
condition during the cycling stage. To examine this hypothesis, we
tested two predictions. First, we predicted that conception probabili-
ties should be positively related with female energetic condition. To
test this prediction, we used four predictors. Two were fecal
metabolites of hormones related to energy allocation in vertebrates
(trilodothyronine—thyroid hormone for simplicity—and glucocorti-
coids: Dias et al., 2017). The third was the occurrence of lactation,
which negatively affects female energetic condition in mammals (e.g.,
Gittleman & Thompson, 1988; Valeggia & Ellison, 2004). The fourth
was lactation stage, as maternal condition varies through lactation (e.g.,
Emery Thompson et al., 2012). In A. palliata, maternal physical
condition is the lowest at early and late lactation, compared with mid
lactation (Dias, Cano-Huertes, Coyohua-Fuentes, Chavira-Ramirez,
Canales-Espinosa & Rangel-Negrin, 2018). Therefore, we expected
that conception occurred when females were not lactating, and if they
were lactating, were in mid lactation, had high thyroid hormone levels,
a demonstrated proxy for energy acquisition in this species (Dias et al.,
2017; Wasser et al., 2010), and had low glucocorticoid levels. Although
glucocorticoids can respond to a variety of different ecological and
social challenges, prior examinations of our population suggest that
they are a proxy for energy expenditure in this species (Dias et al.,
2017; Dunn, Cristobal-Azkarate, Schulte-Herbriiggen, Chavira, & Vea,
2013). Second, we predicted that the duration of IBI should be
negatively related with female energetic condition. Accordingly, we
expected longer IBlI when females had lower thyroid hormone and
higher glucocorticoid levels (i.e., were presumed to be in a negative
energy balance). Due to the negative effects of lactation on
female energetic condition, we also expected shorter IBl when infants
at the beginning of the IBI died (i.e., when females were relieved from

the energetic burden of lactation).

2 | METHODS

2.1 | Ethical note

Our study was noninvasive and adhered to the American Society of
Primatologists Principles for the Ethical Treatment of Non-Human
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Primates. Research protocols were approved by the Secretaria de
Medio Ambiente y Recursos Naturales (permits SGPA/DGVS/10637/
11 and SGPA/DGVS/04999/14) and adhered to the legal require-
ments of Mexican law (NOM-059-SEMARNAT-2010).

2.2 | Study site and subjects

The study was conducted from January 2012 to December 2017 at La
Flor de Catemaco (Los Tuxtlas, Mexico; 18°26'39" N, 95°02'57" W). A
total of 22 mantled howler monkeys live in this ca. 100-ha evergreen
forest (Dias et al., 2017, 2018). At the onset of the study, three females
had infants, whose ages were estimated on the basis of morphology and
behavior (Balcells & Vea, 2009). During the study, we recorded another 18
births. Overall, births were scattered throughout the year (Figure 1). We
studied seven adult females belonging to two groups (Table 1). Each
month we sampled each group for a mean (+SD) of 10+ 3 days and
classified females in one of three reproductive states: lactating (i.e.,
females with an associated immature of 0-20 months: Balcells and Vea
(2009)); gestating (i.e., females in the period encompassing the day before
parturition to 186 days back from that date, which corresponds to the
duration of pregnancy in this species: SD = 6 days, Glander (1980)); or
cycling (neither lactating nor gestating). Lactating females were further
classified in lactation categories according to the age of their immatures:
early lactation, when immatures were 0 to <4 months; mid lactation, when
immatures were 4-<15 months; late lactation, when immatures were
15-20 months (Dias et al., 2018). The occurrence of conception was
inferred by counting back 186 days from birth dates. We based this
classification on observations of newborns and immature presence during

visits to the study groups. If in a particular month a female was recorded in
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more than one reproductive state, we classified her in the category for

which she had more recordings.

2.3 | Fecal sample collection and hormone assays

We collected fecal samples from females immediately after deposition
whenever they were unequivocally matched to subject identity and
were uncontaminated by urine. We deposited samples in polyethylene
bags labeled with the date and identity of each individual. We kept
samples in a cooler with frozen gel packs while in the field and stored
them at the end of the day in a freezer at -20 °C until processing. We
extracted fecal triiodothyronine and glucocorticoid metabolites follow-
ing Wasser et al. (2000). We measured thyroid hormone in fecal samples
with a chemiluminescent enzyme immunoassay commercial kit (Total T3
Immulite, Siemens Healthcare Diagnostics Products Ltd., Llanberis, UK;
sensitivity = 0.59 nmol/L; calibration range = 0.61-9.2 nmol/L) and an
Immulite 1000 analyzer (Siemens). We determined glucocorticoid levels
in feces via radioimmunoassay (lzotop, Institute of Isotopes Ltd.,
Budapest, Hungary; sensitivity = 2.9 nmol/L; calibration range =0-
1600 nmol/L) and a gamma counter (Cobra Model E5005, Packard,
Inc., Downers Grove, IL). Protocols that we used to extract and quantify
thyroid hormone and glucocorticoid levels in feces have been previously
validated to detect thyroid function and the activation of the HPA axis,
respectively, in mantled howler monkeys (Dias et al., 2017; Gémez-
Espinosa, Rangel-Negrin, Chavira, Canales-Espinosa, & Dias, 2014).
Analytical validation of our assays is reported in Table S1. All samples
were run in duplicate and we report hormone levels as ng/g of dry feces.
We analyzed five fecal samples per female per sampling month
(excluding gestation months), in a total of 1,460 samples.
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FIGURE 1 The number of births per month (blue bars) for seven adult female mantled howler monkeys studied between 2012 and 2017 in
La Flor de Catemaco (Los Tuxtlas, Mexico). Infant deaths represented as black diamonds
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TABLE 1 Reproductive data collected for female mantled howler monkeys studied between January 2012 and December 2017

Female? Number of births % of infants that survived Sampling months Fecal samples analyzed
H1® 4 100 72 305

H2 2 0 25 75

HA 3 100 55 190

HB® 1 0 15 40

HccP 3 66.7 72 310

HNP 3 100 72 310

HPM 5 40 72 230

Means + SD 28+1.3 51.1+455 54.7 £24.7 208.6+113.2

2Female H2 died in December 2013. Females HA and HB were included in the study in June 2013 and October 2016, respectively, when they started

copulating with males. Before they were classified as subadults.

bThis female had an infant at the beginning of the study, for which age was estimated on the basis of morphology and behavior.
“An IBI could not be calculated for this female, as after the death of her first infant, she did not give birth to a new infant before the end of the study.

2.4 | Data analysis

We calculated IBI as the number of days encompassed between two
consecutive births. To test our first prediction, that conception is
influenced by short-term variation in female energetic condition, we
ran a binomial generalized linear mixed model (GLMM) (with logit
link-function) using the occurrence of lactation (quantified as a yes/
no dichotomy), lactation stage (i.e., non-lactating, in early, mid, or
late lactation), mean thyroid hormone levels, and mean glucocorti-
coid levels per female per month as fixed predictors for the
occurrence of conception in the next month (quantified as a yes/no
dichotomy). For this prediction, we used 292 female-months. To
account for the repeated sampling of each female in different
months, we included female identity as a random factor in this
analysis. Thyroid hormone and glucocorticoid levels were not
collinear (variance inflation factor=2.5; function “corvif”: Zuur,
leno, Walker, Saveliev and Smith (2009)), and were only weakly
correlated (r=-0.16, p = 0.045).

To test our second hypothesis, that IBI is influenced by long-term
variation in female energetic condition, we ran a Poisson GLMM (with
log link-function) using the survival of the infant at the beginning of the
interval, mean thyroid hormone levels, and mean glucocorticoid levels
per female per IBI as fixed predictors of IBI (quantified in days). We
used the 14 complete IBI that we recorded during the study. We
included female identity as a random factor in this analysis. Again,
thyroid hormone and glucocorticoid levels were not collinear (variance
inflation factor = 1.4) and were weakly correlated (r = -0.36,p = 0.031).

Before running models, we standardized numerical variables as
they were on very different scales of magnitude using function “stdize”
in R package “MuMIn” (Barton, 2018). We verified the underlying
assumptions of the models visually with Q-Q plots of residuals fitted
against predicted values. We used R package “Ime4” (Bates, Maechler,
Bolker, & Walker, 2018) with function “glmer” to obtain GLMM
parameters, and function “confint” to obtain confidence intervals for
fixed factors using package “stats” (R Core Team, 2018). To ascertain
whether our complete models, including fixed and random predictive
variables, were a better fit for dependent variables than models

including only random factors, we used a likelihood ratio test using

function “anova” in R package “stats” (R Core Team, 2018).

3 | RESULTS

Mean + SE IBl was 669.4 + 97.3 days (range = 219-1,506 days, N = 14;
Figure 2). When considering only IBls in which the infant at the
beginning of the IBI survived (N = 10), IBI increased to 805.7 + 90.3
days (range = 492-1,506 days), whereas IBl when infants died (N = 4)
was 328.5 +125.8 days (range = 219-470 days).

3.1 | Conception probabilities

The complete model to explain variation in conception probabilities in
female mantled howler monkeys was significantly different from the

null model (likelihood ratio test: x5 =25.2, p<0.001). Conception

Survived 1 % .#
Died M

400 800 1200
1Bl (days)

FIGURE 2 Interbirth intervals of female mantled howler
monkeys. Total IBI, IBI when the infant at the beginning of the
interval survived, and when the infant died are represented. Black
diamonds are the means, whiskers are the ranges, and red dots are
the individual IBI. For reference, the duration of gestation (186
days) was imposed to the maximum IBI as blue rectangles
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probabilities in a given month were affected by the occurrence of
lactation, thyroid hormone levels, and glucocorticoid levels in the
previous month, but were not affect by infant age in females that
were lactating (Table 2). Conception probabilities varied from 1.5
to 13.1% between months when females were and were not
lactating in the previous month, respectively. Additionally, there
was a two-fold increase [from (mean+SE) 298.3+40.2ng/g to
583.6+2.4ng/g] and a ten-fold decrease [from (mean *SE)
4958+17.2ng/g to 50.1+15.2ng/g] in thyroid hormone and
glucocorticoid levels, respectively, between months that precede
and months that did not precede conceptions (Figure 3a and 3b).

3.2 | Interbirth interval (IBI)

The complete model to explain variation in IBl was significantly
different from the null model (likelihood ratio test: x3=10.5,
p<0.001). IBls were affected by the survival of the infant at
the beginning of the interval and by both thyroid and glucocorti-
coid levels of females (Table 3). There was a three-fold decrease in
IBI when the infant died at the beginning of the IBI [from
(mean + SE) 337.7 £106.8 days to 125.8+62.9 days; Figure 4a)].
Furthermore, IBIs were significantly longer when females had
lower thyroid hormone and higher glucocorticoid levels (Figures
4b and 4c).

4 | DISCUSSION

Our results indicate that the reproductive rates of female mantled
howler monkeys are influenced by female energetic condition, in the
short and in the long-term. In the short-term, conception was more
likely following months when females had higher thyroid hormone and
lower glucocorticoid levels, and when they were not lactating.
Conception probabilities were not related with lactational stage. In
the long-term, IBIs were shorter when females had higher thyroid
hormone and lower glucocorticoid levels, and when the infant died at
the beginning of the IBI.

Howler monkeys have lower birth seasonality than other similar
sized New World primates (Di Bitetti & Janson, 2000). Births tend to
occur throughout the year (Di Bitetti & Janson, 2000) and in ursine
howler monkeys (A. arctoidea) infants that are born outside seasonal
birth peaks have survival rates similar to those born during peaks

(Crockett & Rudran, 1987). This has been interpreted as a consequence

of their ability to exploit seasonal foods, such as young leaves and
unripe fruits (Crockett & Rudran, 1987; Milton, 1982). Birth data from
La Flor de Catemaco converges with this evidence, as with the
exceptions of May and October, we observed births in all months and
infant deaths were scattered through the year. The fact that no infants
died during weaning converges with previous suggestions (Cano-
Huertes et al., 2017) that this species follows an income-Il breeding
strategy (Janson & Verdolin, 2005). Income-Il breeders schedule
reproductive stages to minimize energetic stress for the mothers,
instead of reducing energetic stress for immatures, and at La Flor de
Catemaco maternal physical condition is positively correlated with
food availability and is also higher at mid lactation than in other
moments (Dias et al., 2018).

Considering that in this species weaning occurs at around
20 months of age, an early death of infants could result in a
considerable shortening of the IBI. Accordingly, all infants that died
(N = 7) were <3 months of age, infant survival was an influential factor
in IBl length, and IBl was 40% longer when infants survived than when
they did not. Hence, our results confirm that female mantled howler
monkeys may resume sexual activity shortly after the death of their
infants (Glander, 1980). For a 328-day IBI, the loss of a 1-month infant
(71.4% of infant deaths occurred at this age) implied a 3-month lag until
conception, and for both mean IBl and IBl when infants at the
beginning of the interval survived, that lag was even longer. This means
that the reproductive performance of females living at La Flor de
Catemaco is characterized by long periods of non-conceptive cycling,
as described for other populations of this species (e.g., Glander, 1980;
Milton, 1982), although we cannot reject unsuccessful implantations
or abortions caused by low energetic condition (Garcia-Garcia, 2012;
Lujan, Krzemien, Reid, & Van Vugt, 2006; Tardif, Power, Layne,
Smucny, & Ziegler, 2004) as alternative causes for prolonged IBI.

Our results support our previous findings that female mantled
howler monkeys face energetic constraints to their reproduction
(Cano-Huertes et al., 2017). The influence of thyroid hormone levels
on the occurrence of conception and reproductive rates is probably
associated with both its positive correlation with food intake and its
role in regulating energy expenditure/saving strategies (Fisher, 1996;
Flier, Harris, & Hollenberg, 2000; Moon, Owens, & MacKenzie, 1999).
Glucocorticoids, however, increase under nutritional deficits to
mobilize energy reserves (Sapolsky et al., 2000), and have direct
inhibitory influences on female reproductive physiology (Moberg,
1991). It is therefore possible that, although lactational amenorrhea

suppresses ovarian function for only 3-4 months (Glander, 1980),

TABLE 2 Generalized linear mixed model for variation in conception probabilities in female mantled howler monkeys

Variable Estimate SEM
Intercept 1.49 0.69
Occurrence of lactation -3.39 1.38
Thyroid hormone 2.51 043
Glucocorticoids -1.78 0.02

Infant age 0.07 0.09

95%Cl V4 p
0.14-2.86 2.16 0.031
-6.08-(-0.69) 246 0.013
0.76-2.45 3.91 <0.001
-1.98-(-0.19) 3.21 0.001
-0.14-0.24 0.81 0.421
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Hormone levels in the previous month

FIGURE 3 The occurrence of conception as a function of thyroid hormone (a) and glucocorticoid (b) levels in the previous month in seven
adult female mantled howler monkeys studied between 2012 and 2017 in La Flor de Catemaco (Los Tuxtlas, Mexico). N = 292 female/
months. Center lines show the medians, black diamonds are the means, box limits indicate the 25th and 75th percentiles, whiskers extend 1.5
times the interquartile range from the 25th and 75th percentiles, and red dots are data points

ovarian hormone levels remain energetically constrained until wean-
ing, precluding successful conception. This is supported by the fact
that, although mid lactation is a less energetically stressful stage than
early and late lactation (Dias et al., 2018), the occurrence of conception
was not linked to lactation stage. Given that in principle all females
have equal access to food resources (i.e., there is no clear priority of
access to food resources by some females: Jones (1980)), the lower
physical condition of cycling females compared to other females
(Cano-Huertes et al., 2017), and of mothers of immatures approaching
weaning age than those in mid lactation (Dias et al., 2018), may result
from the depletion of maternal energetic condition (i.e., higher
glucocorticoid levels) caused by accumulative energetic costs of
maternal care (Emery Thompson et al., 2012). This is further supported

TABLE 3 Generalized linear mixed model for variation in interbirth

Variable Estimate SEM
Intercept 5.7 0.16
Occurrence of lactation 0.9 0.07
Thyroid hormone 0.4 0.04
Glucocorticoids -0.5 0.03

by the observation that mothers of infants that survived had IBI that
were 6 months in excess of weaning age. It is therefore possible that
females require an extended period of positive energy balance to
conceive and sustain a successful gestation (Emery Thompson et al.,
2012). This may explain why when food availability is high cycling
females spend more time feeding and less time resting than females in
other reproductive states (Cano-Huertes et al., 2017).

The possibility that the duration of non-conceptive periods is
determined by a necessity to schedule lactation with favorable
environmental conditions (i.e., the income-Il breeding strategy) must
be assessed in future studies including a larger sample of females living
under more variable ecological conditions, as food availability at La Flor
de Catemaco is high compared with other locations at Los Tuxtlas

intervals in female mantled howler monkeys

95%Cl z p

54-6.1 36.1 >0.001
08-1.1 12.9 >0.001
-0.3-(-0.5) 9.1 >0.001
0.5-0.7 19.2 >0.001
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FIGURE 4

Thyroid hormone

Glucocorticoids

Interbirth interval as a function of the survival of the infant at the beginning of the interval (a), mean thyroid hormone (b) and

mean glucocorticoid (c) levels during the IBl. N=14 IBI. In A, center lines show the medians, black diamonds are the means, box limits indicate
the 25th and 75th percentiles, whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, and red dots are data
points. In (b) and (c), shaded areas in light gray are the 95% confidence intervals

(Cano-Huertes et al., 2017). Additionally, although glucocorticoids
have been linked to energy expenditure in this population (Dias et al.,
2017), which was further confirmed in this study by their negative
correlation with thyroid hormone levels, they are also associated with
other factors, such as social challenges. Participation in agonistic
interactions and glucocorticoid levels have been found to co-vary in
this and in other howler monkey species (Dias et al., 2017;
Gomez-Espinosa et al.,, 2014; Rangel-Negrin, Coyohua-Fuentes,
Chavira-Ramirez, Canales-Espinosa & Dias, 2014). Therefore, variation
in female exposure to psychosocial challenges could account for some
of the observed variation in both conception probabilities and IBI. For
females with longer IBls, the probabilities of being exposed to such
challenges would be higher, which could result in an increase in their
mean glucocorticoid levels during IBls. A systematic sampling of the
social behavior of females, and the study of a larger sample of females
that allows time-matching the energetic condition of females that
differ in IBI length, should allow testing these ideas.

Due to their obvious impact on female fecundity and fertility,
gestation, and lactation are the stages of the reproductive process
that have traditionally received more attention in studies of female
reproductive performance. Still, the cycling stage accounts for a

large proportion of IBl in many primate species, and here we

demonstrate that the reproductive rates of female mantled howler
monkeys are energetically constrained: both the occurrence of
conception and IBIl are positively affected by female energetic

condition.

ACKNOWLEDGMENTS

We thank P. Cruz-Miros, A. Martinez, M. Rayén, A. Moctezuma, E.
Reynoso, S. Cafadas, B. Cano, E. Ceccarelli, and several volunteers for
their hard work during data collection, and thank E. Gémez-Espinosa
and O. Dominguez for their support in the laboratory. La Flor de
Catemaco S. A. de C. V. granted permission to work at this site, and
Ing. J.L. Ponce Puente facilitated our work in a variety of ways. We
thank A. Molina for her vital administrative support to our project. We
also sincerely appreciate the excellent comments on an earlier version
of this manuscript provided to us by Colleen M. Schaffner. We thank
two anonymous reviewers for their corrections and constructive
suggestions on the manuscript. This study was supported by Instituto
de Neuroetologia and CONACYT (Grant No. 254217). We have no
conflicts of interest to declare. A. Rangel-Negrin and P.A.D. Dias thank
Mariana and Fernando for constant support and inspiration to study

primate behavior.



RANGEL-NEGRIN ET AL.

8 of 9 AMERICAN JOURNAL OF
=R WILEY
ORCID

Pedro Américo D. Dias http://orcid.org/0000-0002-2919-6479

REFERENCES

Altmann, J., & Samuels, A. (1992). Costs of maternal care: Infant carrying in
baboons. Behavioral Ecology Sociobiology, 29,391-398. https://doi.org/
10.1007/BF00170168.

Balcells, C. D., & Vea, J. J. (2009). Developmental stages in the howler
monkeys subspecies Alouatta palliata mexicana: a new classification
using age-sex categories. Neotropical Primates, 16, 1-8. https://doi.org/
10.1896/044.016.0101.

Barton, K. (2018) Package ‘MuMiIn’ version 1.40.4. Available online at:
https://cran.r-project.org/web/packages/MuMIn/MuMiIn.pdf.

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2018) Package ‘Ime4’
version 1.1-17. Available online at: https://cran.r-project.org/web/
packages/Ime4/Ime4.pdf.

Beehner, J. C., & Lu, A. (2013). Reproductive suppression in female primates
- A review. Evolutionary Anthropology, 22, 226-238. https://doi.org/
10.1002/evan.21369.

Bourbonnais, M. L., Nelson, T. A., Cattet, M. R. L., Darimont, C. T., &
Stenhouse, G. B. (2013). Spatial analysis of factors influencing long-term
stress in the grizzly bear (Ursus arctos) population of Alberta, Canada.
PLoS ONE, 8, e83768. https://doi.org/10.1371/journal.pone.0083768.

Cano-Huertes, B., Rangel-Negrin, A., Coyohua-Fuentes, A., Chavira-
Ramirez, D. R., Canales-Espinosa, D., & Dias, P. A. D. (2017).
Reproductive energetics of female mantled howler monkeys (Alouatta
palliata). International Journal of Primatology, 5, 942-961. https://doi.
org/10.1007/s1076.

Chism, J. (2000). Allocare patterns among cercopithecines. Folia Primato-
logia, 71, 55-66. https://doi.org/10.1159/000021730.

Cortés-Ortiz L., Rylands A. B., & Mittermeier R. A., (2015). The taxonomy of
howler monkeys: Integrating old and new knowledge from morphologi-
cal and genetic studies. In M. M. Kowalewski, P. A. Garber, L. Cortés-
Ortiz, B. Urbani, & D. Youlatos (Eds.), Howler monkeys. Adaptive
radiation, systematics, and morphology (pp. 55-84). New York: Springer.

Crockett, C. M., & Rudran, R. (1987). Red howler monkey birth data I:
seasonal variation. American Journal of Primatology, 13, 347-368.
https://doi.org/10.1002/ajp.1350130402.

Dias, P. A. D., Coyohua-Fuentes, A., Canales-Espinosa, D., Chavira-Ramirez,
D. R., & Rangel-Negrin, A. (2017). Hormonal correlates of energetic
condition in mantled howler monkeys. Hormones and Behavior, 94,
13-20. https://doi.org/10.1016/j.yhbeh.2017.06.003.

Dias, P. A. D., Coyohua-Fuentes, A., Canales-Espinosa, D., Chavira-Ramirez,
D. R, & Rangel-Negrin, A. (2018). Maternal condition and maternal
investment during lactation in mantled howler monkeys. American Journal of
Physical Anthropology, 167, 178-184. https://doi.org/10.1002/ajpa.23626.

Di Bitetti, M. S., & Janson, C. H. (2000). When will the stork arrive? Patterns
of birth seasonality in Neotropical primates. American Journal of
Primatology, 50, 109-130. https://doi.org/10.1002/(SICI)1098-2345
(200002)50:2<109::AID-AJP2>3.0.CO;2-W.

Di Fiore A,, Link A., & Campbell C. J., (2011). The atelines: Behavioral and
socioecological diversity in a New World monkey radiation. In C. J.
Campbell, A. Fuentes, K. C. MacKinnon, S. K. Bearder, & R. M. Stumpf
(Eds.), Primates in perspective (pp. 155-188). New York: PN Oxford
University Press.

Dufour, D. L., & Sauther, M. L. (2002). Comparative and evolutionary
dimensions of the energetics of human pregnancy and lactation.
American Journal of Human Biology, 14, 584-602. https://doi.org/
10.1002/ajhb.10071.

Dunn, J. C., Cristébal-Azkarate, J., Schulte-Herbriiggen, B., Chavira, R., &
Vea, J. J. (2013). Travel time predicts fecal glucocorticoid levels in

free-ranging howlers (Alouatta palliata). International Journal of Prima-
tology, 34, 246-259. https://doi.org/10.1007/s10764-013-9657-0.

Ellison, P. T. (2003). Energetics and reproductive effort. American Journal of
Human Biology, 15, 342-351. https://doi.org/10.1002/ajhb.10152.

Emery Thompson, M. (2013). Comparative reproductive energetics of
human and nonhuman primates. Annual Review of Anthropology, 42,
287-304. https://doi.org/10.1146/annurev-anthro-092412-155530.

Emery Thompson, M. (2016). Energetics of feeding, social behavior, and life
history in nonhuman primates. Hormones and Behavior, 91, 84-96.
https://doi.org/10.1016/j.yhbeh.2016.08.009.

Emery Thompson, M., Muller, M. N., & Wrangham, R. W. (2012). The
energetics of lactation and the return to fecundity in wild chimpanzees.
Behavioral Ecology, 23, 1234-1241. https://doi.org/10.1093/beheco/
ars107.

Fisher, D. A. (1996). Physiological variations in thyroid hormones:
Physiological and pathophysiological considerations. Clinical Chemistry,
42,135-139.

Flier, J. S., Harris, M., & Hollenberg, A. N. (2000). Leptin, nutrition, and the
thyroid: The why, the wherefore, and the wiring. The Journal of Clinical
Investigation, 105, 859-861. https://doi.org/10.1172/JCI9725.

Flrtbauer, |., Heistermann, M., Schiilke, O., & Ostner, J. (2013). Brief
communication: Female fecal androgens prior to the mating season
reflect readiness to conceive in reproductively quiescent wild
macaques. American Journal of Physical Anthropology, 151, 311-315.
https://doi.org/10.1002/ajpa.22273.

Garcia-Garcia, R. M. (2012). Integrative control of energy balance and
reproduction in females. International Scholarly Research Network
Veterinary Science, 2012, 1-13. https://doi.org/10.5402/2012/121
389.

Gittleman, J. L., & Thompson, S. D. (1988). Energy allocation in mammalian
reproduction. American Zoologist, 28, 863-875. https://doi.org/
10.1093/icb/28.3.863.

Glander, K. E. (1980). Reproduction and population growth in free-ranging
mantled howling monkeys. American Journal of Physical Anthropology,
53, 25-36. https://doi.org/10.1002/ajpa.1330530106.

Gobush, K. S., Booth, R. K., & Wasser, S. K. (2014). Validation and
application of glucocorticoid and thyroid hormone measures in free-
ranging Hawaiian monk seals. General and Comparative Endocrinology,
195, 174-182. https://doi.org/10.1016/j.ygcen.2013.10.020.

Gomez-Espinosa, E., Rangel-Negrin, A., Chavira-Ramirez, D. R., Canales-
Espinosa, D. C., & Dias, P. A. D. (2014). The effect of energetic and
psychosocial stressors on glucocorticoids in mantled howlers (Alouatta
palliata). American Journal of Primatology, 76, 362-373. https://doi.org/
10.1002/ajp.22240.

Greisen, S., Ledet, T., & Ovesen, P. (2001). Effects of androstenedione,
insulin and luteinizing hormone on steroidogenesis in human granulosa
luteal cells. Human Reproduction, 16, 2061-2065. https://doi.org/
10.1093/humrep/16.10.2061.

Houser, D. S., Yeates, L. C., & Crocker, D. E. (2011). Cold stress induces an
adrenocortical response in bottlenose dolphins (Tursiops truncatus).
Journal of Zoo and Wildlife Medicine, 42, 565-571. https://doi.org/
10.1638/2010-0121.1.

Janson C., & Verdolin J., (2005). Seasonality of primate births in relation to
climate. In D. K. Brockman, & C. P. van Schaik (Eds.), Seasonality in
primates (pp. 307-350). Cambridge: Cambridge University Press.

Jones, C. B. (1980). The functions of status in the mantled howler monkey,
Alouatta palliata Gray: Intraspecific competition for group membership
in a folivorous neotropical primate. Primates, 21, 389-405. https://doi.
org/10.1007/BF02390468.

Key, C., & Ross, C. (1999). Sex differences in energy expenditure in non-
human primates. Proceedings of the Royal Society B, 266, 2479-2485.
https://doi.org/10.1098/rspb.1999.0949.

Kim, B. (2008). Thyroid hormone as a determinant of energy expenditure
and the basal metabolic rate. Thyroid, 18, 141-144. https://doi.org/
10.1089/thy.2007.0266.


http://orcid.org/0000-0002-2919-6479
https://doi.org/10.1007/BF00170168
https://doi.org/10.1007/BF00170168
https://doi.org/10.1896/044.016.0101
https://doi.org/10.1896/044.016.0101
https://cran.r-project.org/web/packages/MuMIn/MuMIn.pdf
https://cran.r-project.org/web/packages/lme4/lme4.pdf
https://cran.r-project.org/web/packages/lme4/lme4.pdf
https://doi.org/10.1002/evan.21369
https://doi.org/10.1002/evan.21369
https://doi.org/10.1371/journal.pone.0083768
https://doi.org/10.1007/s1076
https://doi.org/10.1007/s1076
https://doi.org/10.1159/000021730
https://doi.org/10.1002/ajp.1350130402
https://doi.org/10.1016/j.yhbeh.2017.06.003
https://doi.org/10.1002/ajpa.23626
https://doi.org/10.1002/(SICI)1098-2345(200002)50:2&x003C;109::AID-AJP2&x003E;3.0.CO;2-W
https://doi.org/10.1002/(SICI)1098-2345(200002)50:2&x003C;109::AID-AJP2&x003E;3.0.CO;2-W
https://doi.org/10.1002/ajhb.10071
https://doi.org/10.1002/ajhb.10071
<url href&x003D;
https://doi.org/10.1002/ajhb.10152
https://doi.org/10.1146/annurev-anthro-092412-155530
https://doi.org/10.1016/j.yhbeh.2016.08.009
https://doi.org/10.1093/beheco/ars107
https://doi.org/10.1093/beheco/ars107
https://doi.org/10.1172/JCI9725
https://doi.org/10.1002/ajpa.22273
https://doi.org/10.5402/2012/121389
https://doi.org/10.5402/2012/121389
https://doi.org/10.1093/icb/28.3.863
https://doi.org/10.1093/icb/28.3.863
https://doi.org/10.1002/ajpa.1330530106
https://doi.org/10.1016/j.ygcen.2013.10.020
https://doi.org/10.1002/ajp.22240
https://doi.org/10.1002/ajp.22240
https://doi.org/10.1093/humrep/16.10.2061
https://doi.org/10.1093/humrep/16.10.2061
https://doi.org/10.1638/2010-0121.1
https://doi.org/10.1638/2010-0121.1
<url href&x003D;
<url href&x003D;
https://doi.org/10.1098/rspb.1999.0949
https://doi.org/10.1089/thy.2007.0266
https://doi.org/10.1089/thy.2007.0266

RANGEL-NEGRIN ET AL.

9 of 9

AMERICAN JOURNAL OF

WI LEY-{iinii,

Lujan, M. E., Krzemien, A. A,, Reid, R. L., & Van Vugt, D. A. (2006).
Developing a model of nutritional amenorrhea in rhesus monkeys.
Endocrinology, 147, 483-492. https://doi.org/10.1210/en.2005-0821.

McCabe, G. M., & Emery Thompson, M. (2013). Reproductive seasonality in
wild Sanje mangabeys (Cercocebus sanjei), Tanzania: Relationship
between the capital breeding strategy and infant survival. Behaviour,
150, 1399-1429. https://doi.org/10.1163/1568539X-00003102.

Milton K., (1982). Dietary quality and demographic regulation in a howler
monkey population. In E. G. Leight, A. Stanley Rand, & D. M. Windsor
(Eds.), The ecology of a tropical forest: Seasonal rhythms and long term
changes (pp. 273-289). Washington D.C.: Smithsonian Institution
Press.

Moberg, G. P. (1991). How behavioral stress disrupts the endocrine control
of reproduction in domestic animals. Journal of Dairy Science, 74,
304-311. https://doi.org/10.3168/jds.50022-0302(91) 78174-5.

Moon, D.Y.,Owens, D. W., & MacKenzie, D. S. (1999). The effects of fasting
and increased feeding on plasma thyroid hormones, glucose, and total
protein in sea turtles. Zoological Sciences, 16, 579-586. https://doi.org/
10.2108/zsj.16.579.

Opie, C., Atkinson, Q. D., Dunbar, R. I. M., & Shultz, S. (2013). Male
infanticide leads to social monogamy in primates. Proceedings of the
National Academy of Sciences, 110, 13328-13332. https://doi.org/
10.1073/pnas.1307903110.

Portman O. W., (1970). Nutritional requirements (NRC) of nonhuman
primates. In R. Harris (Ed.), Feeding and nutrition of nonhuman primates
(pp. 87-115). New York: Academic Press, Inc.

R Core Team (2018). Package ‘stats’ version 3.6.0. Available online at: https://
stat.ethz.ch/R-manual/R-devel/library/stats/html/00Index.html.

Rangel-Negrin, A., Coyohua-Fuentes, A., Chavira-Ramirez, D. R., Canales-
Espinosa, D., & Dias, P. A. D. (2014). Primates living outside protected
habitats are more stressed: The case of black howler monkeys in the
Yucatan Peninsula. PLoS ONE, 9, e112329. https://doi.org/10.1371/
journal.pone.0112329.

Roberts, S. B., Cole, J. T., & Coward, W. A. (1985). Lactational performance
in relation to energy intake in the baboon. American Journal of Clinical
Nutrition, 41, 1270-1276. https://doi.org/10.1093/ajcn/41.6.1270.

Ross, C., & MacLarnon, A. (2000). The evolution of non-maternal care in
anthropoid primates: A test of the hypotheses. Folia Primatologica, 71,
93-113. https://doi.org/10.1159/000021733.

Sapolsky, R. M., Romero, M., & Munck, A. U. (2000). How do glucocorticoids
influence stress responses? Integrating permissive, suppressive, stimu-
latory, and preparative actions. Endocrine Research, 21, 55-89. https://
doi.org/10.1210/edrv.21.1.0389.

Setchell, J. M., Lee, P. C., Wickings, E. J., & Dixson, A. F. (2002).
Reproductive parameters and maternal investment in mandrills
(Mandrillus sphinx). International Journal of Primatology, 23, 51-68.
https://doi.org/10.1023/A:1013245707228.

Setchell, J. M., & Wickings, E. J. (2004). Sexual swellings in mandrills
(Mandrillus sphinx): a test of the reliable indicator hypothesis. Behavioral
Ecology, 15, 438-445. https://doi.org/10.1093/beheco/arh027.

Stocker, M., Munteanu, A., Stoewe, M., Schwab, C., Palme, R., & Bugnyar, T.
(2016). Loner or socializer? Ravens' adrenocortical response to

individual separation depends on social integration. Hormones and
Behavior, 78, 194-199. https://doi.org/10.1016/j.yhbeh.2015.11.009.

Tardif, S., Power, M., Layne, D., Smucny, D., & Ziegler, T. (2004). Energy
restriction initiated at different gestational ages has varying effects on
maternal weight gain and pregnancy outcome in common marmoset
monkeys (Callithrix jacchus). British Journal of Nutrition, 92, 841-849.
https://doi.org/10.1079/BJN20041269.

Valeggia, C., & Ellison, P. T. (2004). Lactational amenorrhoea in well-
nourished Toba women of Formosa, Argentina. Journal of Biosocial
Science, 36, 573-595. https://doi.org/10.1017/50021932003006382.

van Noordwijk, M. A., Kuzawa, C. W., & van Schaik, C. P. (2013). The
evolution of the patterning of human lactation: A comparative
perspective. Evolutionary Anthropology, 22, 202-212. https://doi.org/
10.1002/evan.21368.

Viblac, V. A, Gineste, B., Robin, J. P., & Groscolas, R. (2016). Breeding status
affects the hormonal and metabolic response to acute stress in a long-
lived seabird, the king penguin. General and Comparative Endocrinology,
236, 139-145. https://doi.org/10.1016/j.ygcen.2016.07.021.

Wasser, S. K., Hunt, K. E., Brown, J. L., Cooper, K., Crockett, C. M., Bechert,
U., ... Monfort, S. L. (2000). A generalized fecal glucocorticoid assay for
use in a diverse array of nondomestic mammalian and avian species.
General and Comparative Endocrinology, 120, 260-275. https://doi.org/
10.1006/gcen.2000.7557.

Wasser, S. K., Cristébal-Azkarate, J., Booth, R. K., Hayward, L., Hunt, K.,
Ayres, K. L., ... Rodriguez-Luna, E. (2010). Non-invasive measurement
of thyroid hormone in feces of a diverse array of avian and mammalian
species. General and Comparative Endocrinology, 168, 1-7. https://doi.
org/10.1016/j.ygcen.2010.04.004.

Willis, D., Mason, H., Gilling-Smith, C., & Franks, S. (1996). Modulation by
insulin of follicle-stimulating hormone and luteinizing hormone actions
in human granulosa cells of normal and polycystic ovaries. Journal of
Clinical Endocrinology and Metabolism, 81, 302-309. https://doi.org/
10.1210/jcem.81.1.8550768.

Zuur A, leno E. N., Walker N., Saveliev A. A., & Smith G. M. (2009). Mixed
effects models and extensions in ecology with R. New York: Springer.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Rangel-Negrin A, Coyohua-Fuentes
A, Chavira-Ramirez DR, Canales-Espinosa D, Dias PAD.
Energetic constraints on the reproduction of female mantled
howlers. Am J Primatol. 2018;22925.
https://doi.org/10.1002/ajp.22925



https://doi.org/10.1210/en.2005-0821
https://doi.org/10.1163/1568539X-00003102
https://doi.org/10.3168/jds.S0022-0302(91) 78174-5
https://doi.org/10.2108/zsj.16.579
https://doi.org/10.2108/zsj.16.579
https://doi.org/10.1073/pnas.1307903110
https://doi.org/10.1073/pnas.1307903110
https://stat.ethz.ch/R-manual/R-devel/library/stats/html/00Index.html
https://stat.ethz.ch/R-manual/R-devel/library/stats/html/00Index.html
https://doi.org/10.1371/journal.pone.0112329
https://doi.org/10.1371/journal.pone.0112329
https://doi.org/10.1093/ajcn/41.6.1270
https://doi.org/10.1159/000021733
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.1023/A:1013245707228
https://doi.org/10.1093/beheco/arh027
https://doi.org/10.1016/j.yhbeh.2015.11.009
https://doi.org/10.1079/BJN20041269
https://doi.org/10.1017/S0021932003006382
https://doi.org/10.1002/evan.21368
https://doi.org/10.1002/evan.21368
https://doi.org/10.1016/j.ygcen.2016.07.021
https://doi.org/10.1006/gcen.2000.7557
https://doi.org/10.1006/gcen.2000.7557
<url href&x003D;
<url href&x003D;
https://doi.org/10.1210/jcem.81.1.8550768
https://doi.org/10.1210/jcem.81.1.8550768
https://doi.org/10.1002/ajp.22925

