Webb et al. Animal Microbiome (2023) 5:63 Anima| Microbiome
https://doi.org/10.1186/s42523-023-00280-6

Activity budget and gut microbiota stability B
and flexibility across reproductive states in wild
capuchin monkeys in a seasonal tropical dry
forest
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Abstract

Background Energy demands associated with pregnancy and lactation are significant forces in mammalian evo-
lution. To mitigate increased energy costs associated with reproduction, female mammals have evolved behav-
ioural and physiological responses. Some species alter activity to conserve energy during pregnancy and lactation,
while others experience changes in metabolism and fat deposition. Restructuring of gut microbiota with shifting
reproductive states may also help females increase the energy gained from foods, especially during pregnancy.

The goal of this study was to examine the relationships among behaviour, gut microbiota composition, and repro-
ductive state in a wild, non-human primate to better understand reproductive ecology. We combined life history
data with > 13,000 behavioural scans and 298 fecal samples collected longitudinally across multiple years from 33
white-faced capuchin monkey (Cebus imitator) females. We sequenced the V4 region of the 16S rRNA gene and used
the DADA2 pipeline to analyze microbial diversity. We used PICRUSt2 to assess putative functions.

Results Reproductive state explained some variation in activity, but overall resting behaviours were relatively stable
across pregnancy and lactation. Foraging was less frequent among females in the early stage of nursing compared

to the cycling stage, though otherwise remained at comparable levels. Maximum temperature was a strong, signifi-
cantly positive predictor of resting, while social dominance had a small but significantly negative effect on resting.
Ecological variables such as available fruit biomass and rainfall had a small but significantly positive effects on meas-
ures of foraging time. Gut microbial community structure, including richness, alpha diversity, and beta diversity
remained stable across the reproductive cycle. In pairwise comparisons, pregnant females exhibited increased relative
abundances of multiple microbial ASVs, suggesting small changes in relation to reproductive state. Reproductive state
was not linked to differential abundance of putative metabolic pathways.

Conclusions Previous data suggest that activity budget and the gut microbiome shifts considerably during repro-
duction. The present study finds that both activity and gut microbial communities are less associated with repro-
duction compared to other predictors, including ecological contexts. This suggests that behavioural flexibility

and gut microbial community plasticity is contrained by ecological factors in this population. These data contribute
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to a broader understanding of plasticity and stability in response to physiological shifts associated with mammalian

reproduction.

Keywords Gut microbiome, Non-human primates, Reproductive ecology, Animal behaviour

Background
The demands of pregnancy and lactation have been
an influential force throughout mammalian evolution.
Female mammals experience discrete stages of the repro-
ductive cycle, including cycling, pregnancy, and lactation,
but variation across mammalian taxa exists in cycling
parameters, litter size, birth weight, gestation length,
weaning age, weaning mass, and interbirth interval [28].
Lactation is typically the most energetically demanding
stage of the reproductive cycle because milk production
and other aspects of infant care, incuding infant carrying,
require considerable energy above basal metabolic func-
tion [12, 18, 28]. Pregnancy is the second most energet-
ically-demanding state, and non-pregnant, non-lactation
states (i.e., cycling and non-cycling pauses) are the least
energetically costly [22, 58]. Pregnancy and lactation also
introduce increased protein and other nutrient require-
ments to fuel fetal and infant growth [18, 51]. Energy
requirements typically increase as a fetus develops during
pregnancy; after parturition, energy demands continue to
increase as the mother produces milk [24, 25, 65]. As the
infant grows and needs more milk combined with larger
infant size, energy demand on the mother continues to
increase. During the final stages of lactation, as the infant
increases in independence in the lead-up to weaning,
energy requirements for the mother decrease (Fig. 1).
Mammals vary widely in the length and energetic costs
of reproduction and have evolved multiple strategies in
response to their own life history patterns and species-
specific breeding cycles. Adaptations include behavioural
responses to seasonal fluctuations in food availability.
For example, harbour seals (Phoca vitulina) and other
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Fig. 1 Visualization of estimated increases in energy requirements
during the reproductive cycle of a non-human primate. Female
primates face a ca. 25% increase in daily energy requirements
during gestation, and up to a 50-100% increase during lactation [35]

migratory species travel to specific breeding sites and
feeding sites, and exhibit strictly seasonal breeding that
is tied to food abundance in their environment [6]. For
mammals that are not constrained by migratory pat-
terns or strict seasonal breeding, behavioural flexibility—
including modulating energy expenditure, foraging rates,
and food choice—offers a strategy to mitigate increased
energy costs of pregnancy and lactation. Primates,
including humans, exemplify these behavioural strate-
gies. While some primates conserve energy during costly
reproductive stages by resting for larger proportions
of the day (e.g., red-ruffed lemurs [Varecia rubra], [64];
green monkeys [Cercopithecus sabaeus] [30]), others
increase energy intake, either by foraging for longer peri-
ods of the day (e.g., yellow baboons [Papio cynocephalus]
[1]) or by increasing their intake rate of foods (e.g., white-
faced capuchins [Cebus imitator] [46]).

Adaptations to reproductive demands also include
physiological changes that occur within the mother. For
example, females accumulate fat stores during pregnancy
that they can draw from during lactation. Humans typi-
cally experience increased fat deposition during preg-
nancy, even when they are experiencing food stress [56].
Similar results were found in a study of captive bonobos
(Pan paniscus), in which pregnant females did not lose
weight while experiencing caloric restriction [17]. Suffi-
cient temporary fat gain during pregnancy supports effi-
cient and healthy development of infants. Insufficiencies
may lead to increased periods of lactation characterized
by milk with lower nutrient content and increased inter-
birth interval (e.g., humans [40]), while too much fat gain
during gestation can lead to birth complications (e.g.,
domestic canines and felines [26]).

Research on humans suggests that pregnancy is also
associated with changes in gut microbial communi-
ties [19, 37, 61]. These changes, which include reduced
diversity of microbes, shifts in prominent bacterial
phyla associated with energy gain, and shifts in putative
metabolic pathways related to energy absorption, are
linked to modulation of the immune system and altered
hormone levels. Research has demonstrated a relation-
ship between pregnancy and changes in gut microbial
communities; recently, specific drivers of gut microbial
community shifts have been suggested and experimen-
tally tested. Nuriel-Ohayon et al. [52] demonstrated in
mice that progesterone, a hormone that prepares the
uterus for pregnancy and supports fetal growth, was
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positively associated with relative abundance of Bifi-
dobacterium, perhaps by creating a suitbale niche for
members of this genus. Other research suggests that
modulation of the maternal immune system during
gestation is linked to increased relative abundance of
opportunistic pathogens, which may train the neonatal
immune system [37]. Some changes in the maternal gut
microbiome, including decreased alpha diversity, have
been linked to metabolic disease states in non-pregnant
individuals. However, in the context of reproductive
demands, they may serve an adaptive role in increasing
energy absorption from food during times of increased
energy need for fetal development and allowing for
increased fat storage to cope with costs of lactation [23,
37]. In humans, research suggests that exposure to cer-
tain environmental factors or shifts in macronutrient
intake during pregnancy can alter the gestational gut
microbiome [60], yet few studies of humans and other
animals have designed functional experiments to test
the mechanism behind gut microbiome changes during
the reproductive cycle In non-human mammals, evi-
dence suggests gut microbiota shift during reproduc-
tion (e.g., Tibetan macaques [Macaca thibetana) [62]),
which may be hormonally mediated [43], though paired
microbiome and hormone samples in populations of
wild animals remain scarce [4]. Other researchers have
found that composition and predicted function of gut
microbiota remained relatively static throughout preg-
nancy and into early lactation [33], despite hormonal
changes. These contrasting findings may be due to dif-
ferences in study design, methods, sample species, or
population. Alternatively, they may indicate that the
degree to which the gut microbiome can shift during
pregnancy is constrained by external factors, poten-
tially including behaviour or the environment.

Behavioural and/or gut microbial changes likely play
a role in addressing the demands of pregnancy and lac-
tation. Here, using two robust datasets that include
behavioural and gut microbial data from a well-studied
population of wild non-human primates, we examine
potential strategies of female primates to address the
increased energetic costs of pregnancy and lactation.
We studied a population of omnivorous, wild white-
faced capuchin monkeys that exhibit moderately sea-
sonal breeding. Specifically, we examined adult female
monkey responses to changing reproductive stages over
the course of multiple years in a seasonal dry forest. We
combined a robust data set of >13,000 behavioural scans
over three years, with 298 fecal samples collected from
33 monkeys over three years (with one year of overlap) to
study behavioural and gut microbial responses to repro-
duction in a species that inhabits a dynamic and seasonal
ecosystem.
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Our first aim was to compare activity budgets of white-
faced capuchins among and within cycling, pregnancy,
and nursing stages. We predict that if capuchins employ
an “energy conservation” approach during pregnancy and
nursing, then females will rest more in stages of higher
energy demand compared to stages of lower energy
demand. Conversely, if capuchins employ an “energy
maximization” approach in their behaviour, we predict
pregnant and lactating females will forage for larger pro-
portions of their day compared to cycling capuchins.

Our second related but separate aim was to investigate
gut microbial changes in female capuchins among repro-
ductive states. We predict that gut microbiota will exhibit
characteristics associated with increased capacity for
energy harvest during periods of highest energy demand
during pregnancy. Specifically, we predict increased rela-
tive abundance of multiple taxa—including members of
Bacteroides and Firmicutes—associated with production
of short-chain fatty acids and monosaccharides, which
hosts can use as an energy source. We also predict that
females’ gut microbiota will exhibit an increase in rela-
tive abundance of putative metabolic pathways related
to energy metabolism and carbohydrate transport dur-
ing pregnancy. Given the demonstrated potential for
ecological and social factors to influence behavioural or
gut microbial flexibility in this species, we additionally
examine the potential effects of precipitation, tempera-
ture, fruit biomass, social group, and dominance rank on
activity budget and gut microbial communities.

Methods

Field site & study population

We collected fecal samples and behavioural data at Sec-
tor Santa Rosa (SSR) located in the Area de Conservacién
Guanacaste (ACG) in Costa Rica (10° 53" 01”7 N 85° 46’
30” W). Sector Santa Rosa is a mosaic of forest types,
including tropical dry forest and small patches of older
growth evergreen forest. The ACG experiences two dis-
tinct seasons: a hot, dry period from late November to
mid-May and a cooler, rainy period for the remainder
of the year, during which almost all of the annual rain-
fall (900-2400 mm) occurs [47]. Fruit abundance varies
throughout the year and estimates of fruit biomass are
calculated monthly to account for seasonal variation in
fruit abundance [10, 53, 54]. Maximum daily temperature
is recorded year-round, as well as daily rainfall.

The study population of white-faced capuchin mon-
keys has been continuously monitored non-invasively
since 1983. Female capuchins are philopatric and
reach reproductive maturity by six years of age. Births
are moderately seasonal at Sector Santa Rosa, with
44% of births occurring between May and July each
year [11]. The remaining 56% of births are roughly
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evenly distributed throughout the remainder of the
year. Between 2014 and 2018, births occurred in each
month at least once. Gestation is 157 + 8 days and typi-
cal inter-birth intervals are 2.5 years [47]. At the study
site where data collection took place, lactation lasts for
approximately 12 months; in early lactation, infants are
almost exclusively dependent on their mothers and are
observed nursing frequently [5, 27]. It should be noted
that in other white-faced capuchin populations, the lac-
tation phase can extend to 23 months [47].

We collected fecal samples non-invasively from 33
adult females in four social groups during multiple
sampling bouts in 2014—2016. We collected behavioural
data from the same 33 adult females during multiple
sampling bouts in 2016-2018. In 2016 we collected
behavioural records and fecal samples simultaneously.
Fecal samples were collected on the 1-1.5 days imme-
diately preceding the behavioural records. For example,
in the 2016 field season, each social group was followed
for 4-5 days consecutively per month. The first full day
and up to noon on the second day was dedicated to
fecal sample collection. Starting at noon on the second
day, data collection shifted from fecal sample collection
to behavioural data collection for the remainder of the
4-5 day rotation. All animals in the study population
are habituated to researcher presence and individually
identifiable through physical markings on the face and
body.

Pregnancies during the study period were determined
via protrusion of the abdomen (visible approximately
8 weeks after conception), and after infants were born we
estimated conception dates using 157 days as gestation
length. We determined nursing on an ad libitum basis
through observations of young monkeys suckling from
adult females. Following Bergstrom [5] who studied the
present population of capuchins, we considered females
nursing their own infants <12 months of age to be lactat-
ing. Juvenile capuchins are occasionally observed suck-
ling after 12 months of age, but it is difficult to determine
whether milk is transferred and is less likely. We grouped
all non-pregnant, non-nursing females into the category
“cycling” following Bergstrom [5].

Studies of humans and non-human primates suggest
that energy requirements change throughout pregnancy
and lactation [25]. To examine differences that occur
within each reproductive state, we subset the repro-
ductive states into stages: Cycling (Pre-conception),
Pregnancy Stage 1 (early), Pregnancy Stage 2 (mid), Preg-
nancy Stage 3 (late), Nursing Stage 1 (early), Nursing
Stage 2 (mid), Nursing Stage 3 (late), and Cycling (Post-
weaning) (Table 1). We considered nursing to be the
most energetically expensive, followed by pregnancy and
cycling. Within nursing, we considered mid nursing to be
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Table 1 Pregnancy and nursing were divided into three equal
stages. Cycling (Pre-conception) consisted of 60 days prior to the
inferred conceptive event, and Cycling (Post-weaning) consisted
of 60 days post-weaning

Reproductive state Stage Length

Cycling (Pre-conception) - 60-0 days before inferred conception

Pregnancy Early ~ 0-53 days post inferred conception
Mid 54-104 days post inferred conception
Late  105-157 days post inferred concep-
tion
Nursing Early ~ 0-121 days postpartum

Mid 122-242 days postpartum
Late  243-365 days postpartum

Cycling (post-weaning) - 0-60 days post weaning

For females who gave birth, conception dates were back calculated

157 days/5 months, based on the day of birth; for females with suspected
pregnancy losses, conception date was estimated based on level of abdomen
protrusion

the most energetically expensive, followed by early nurs-
ing and late pregnancy.

The reproductive state of each of the 33 adult female
capuchins is presented in Fig. 2. Throughout the 2014—
2018 study period, 43 infants were born in the study pop-
ulation. Behavioural data collection periods (2016—2018)
included portions of or the full duration of 40 of these
pregnancies. Of these 40 infants, 26 infants survived
to weaning (365 days), and behavioural data collection
included portions of all 40 nursing periods and captured
transitions from nursing to non-nursing states.

Daily individual activity budgets

We followed each of the four social groups from dawn
(05:30) until dusk (18:00) for 4—6 days per month. Indi-
vidual scans were recorded every 30 min on the hour
and half hour. During a 10-min period, we recorded the
behavioural state of each individual in the group using
an established ethogram (Additional file 1: Table S1). We
chose to use scan sampling instead of focal sampling to
determine individual activity budgets because it allows
for more evenly distributed data across all individuals,
season, and time of day [16, 48]. Inter-observer reliabil-
ity was tested daily for the first 4 weeks of each sampling
period, then weekly or biweekly for the remainder of
each period. We collected 13,721 individual scans over
the course of 222 contact days.

Behavioural models for activity budget analysis

We fit two generalized linear mixed models (GLMMs)
that included reproductive stage as our predictor of
interest. For our Resting Model, number of resting scans
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Fig. 2 Reproductive states of study individuals observed

between April 1, 2014 and June 30, 2018. Fecal samples

collection took place between April 29, 2014 and September
27,2016. Behavioural data collection took place between April
20,2016 and June 22, 2018. One individual (SF) disappeared

from the population in early 2017. Two individuals (NP and VN)
reached reproductive maturity during the study, but were

never observed to be pregnant. At 15 time points, females were
observed to be pregnant via protrusion of the abdomen, but were
subsequently observed with no protrusion. In these cases

the orange (pregnancy) segments are followed by green (cycling)
and not by purple (nursing) segments. Nursing segments that are
shorter than 12 months represent cases where infants died. We did
not include samples from individuals who experienced potential
pregnancy loss in our analysis

per day was our response variable, while for our Forag-
ing Model, number of foraging scans per day was our
response variable. In each model, we included monkey
dominance category, daily maximum temperature (°C),
and daily rainfall (mm) as fixed effects as they may influ-
ence activity in this population. To account for season-
ality in resources, we included mean monthly estimated
fruit biomass (kg/ha) as a fixed effect as well. Ecological
variables (e.g., maximum temperature, rainfall, and fruit
biomass) were z-transformed (i.e., scaled so that each had

Page 5 of 14

a mean of 0 and standard deviation of 1) to increase sta-
bility in the models. We included individual animal iden-
tity nested within social group as a random effect in all
models. Sampling effort (i.e., number of scans per animal
per rotation) varied due to changing field conditions and
stochastic movement and dispersal of group members.
We included a log-transformed offset of total scans per
animal per day to account for differences in sampling
effort. Because our behavioural data are count data and
because behavioural scans occur independently, a Pois-
son distribution with a logit link was designated in all
models.

We tested whether our alternative models (fixed and
random effects) outperformed the null models (random
effects only). Likelihood ratio tests were conducted using
the R function ANOVA. To test for multicollinearity
between ecological variables a generalized linear model
(GLM) was created to determine the variance inflation
factor (VIF) [14]. These models were identical to the
alternative models above but contained only fixed effects.
The resulting VIF measures collinearity in fixed effects.
Craney and Surles [14] suggest that appropriate cutoffs
for VIF range from 5 to 10. All ecological variables had
VIF indices below 2.0 and were kept in all models (Addi-
tional file 2: Table S2).

We computed incidence rate ratios using the outputs
of our GLMMs to examine the effects of each predic-
tor variable. For categorical variables, the incidence
rate ratios represent the ratio of the number of scans
recorded in one level compared to the number of scans
recorded in another level. For variables with multiple
levels (e.g., reproductive stage, dominance), a reference
level is selected and other levels are compared to the ref-
erence level to contextualise the effects of each level on
the response variable—in our case, resting scans or for-
aging scans. We plotted the predicted outcomes for each
reproductive stage using the plot_model function in the
R package sjPlot [39].

Fecal sampling for gut microbiota analysis

We collected fresh fecal samples from study individu-
als 1-2 times per month within each sampling period in
2014-2016. Once an animal defecated, we immediately
collected the feces into a sterile 2 mL cryovial using per-
sonal protective equipment to minimize contamination.
Samples were stored on ice in insulated field packs for a
maximum of five hours before being transferred to a liq-
uid nitrogen shipper (—90 °C) for the remainder of the
field season. At the conclusion of each sampling season,
samples were shipped to the University of Calgary for
processing.
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Laboratory processing
We used a custom phenol:choloroform-based extraction
protocol that included a bead-beading step (Additional
file 3: Text 1). We purified extracted DNA using an Invit-
rogen PureLink PCR Purification kit (ThermoFisher Sci-
entific Part No. K310001) (Additional file 4: Text 1), after
which we combined extractions A and B prior to library
preparation. Illumina amplicon sequencing libraries were
prepared in for the V4 region of the 16S rRNA gene at
the University of Minnesota Genomics Center follow-
ing Gohl et al. [29] using the following primers: forward
primer: ‘TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAG; reverse primer:
‘GTCTCGTGGGCTCGGAGATGTGTATAAGAG
ACAG! Libraries were sequenced twice at the University
of Calgary Centre for Health Genomics and Informat-
ics to increase reads per sample on an Illumina MiSeq
using v2 chemistry. These two runs produced a total
of 10,767,585 reads from 350 samples, including con-
trols. After filtering out contaminants, samples with
reads <1000, and negative controls, we proceeded with
9,238,844 reads from 306 samples (mean reads per sam-
ple=30,192). We then filtered out samples from individ-
uals with suspected pregnancy loss, and analysed a total
of 298 samples.

Amplicon data preparation

Raw reads were demultiplexed and barcodes and indices
were removed using cutadapt [45]. We removed ambigu-
ous base calls using the filterAndTrim function in the R
package DADA2, removed locus-specific primers using
cutadapt, then determined quality profiles using the
plotQualityProfile [7]. Poor quality bases were truncated
again using the filterAndTrim function. Error rates were
learned and dereplication was done using learnErrors and
derepFASTQ functions respectively. We merged forward
and reverse reads to generate amplicon sequence variants
(ASVs). Chimeras were removed using the removeBi-
meraDenovo function in DADA2, and we assigned tax-
onomies to ASVs using assignTaxonomy function using
the silva_nr_v132_train_set.fa file. The assignTaxonomy
function relies on the Ribosomal Database Project (RDP)
Classifier which is a naive Bayesian classifer developed by
Wang et al. [66]. We extracted and sequenced a series of
negative lab controls, which were then used to remove
seven probable contaminants in the program decontam
[15]. We then removed uncharacterized phyla, chloro-
plasts, and mitochondrial sequences.

Gut microbiota community structure

To explore shifts in gut microbial community structure
throughout the reproductive cycle, we computed Chaol
species richness. In order to understand not only ASV
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richness but also abundances and evenness of ASVs in
our samples, we chose Shannon alpha diversity for each
sample. We chose the Chaol and Shannon indices as they
are community ecology metrics that emphasize rare taxa
in terms of weighting, which was of interest to us based
on our downstream comparisons among reproductive
states at the ASV level. We removed four samples with
Chaol richness values >400 that were distinctly different
that the remaining samples, with Chaol values ranging
from 12 to 385. Because we sampled individuals multiple
times, and because sampling effort across individuals was
uneven, we fit linear mixed effects models to examine the
relationship between reproductive state and richness and
diversity metrics. For the linear models, cycling was cho-
sen as the reference level. We included rainfall and maxi-
mum temperature as ecological fixed effects, and social
group as a fixed effect, as previous studies suggest it may
be a relevant variable for gut microbial differentiation. In
the linear models, AD group was chosen as the reference
level. Similar to our behavioural models, we included
estimated monthly fruit biomass as a fixed effect to
account for seasonal shifts in resources. We included
individual identity as a random effect in both models. We
used an alpha of 0.05.

We removed exceptionally low-prevalence phyla for
the remainder of analysis and filtered out taxa that were
not present in at least 5% of samples. Due to sample size
constraints, we were not able to divide fecal samples into
subsets within reproductive states and therefore pro-
ceeded with the categories cycling, pregnant, and nurs-
ing. To explore the relationship between reproductive
state and gut microbial community dissimilarity within
our sample set, we transformed sample counts to relative
abundances and then computed Bray—Curtis dissimilar-
ity values using the ordinate function in phyloseq. We
visualized beta diversity using non-metric multidimen-
tional scaling (NMDS). We used the function adonis2 in
the R package vegan to run a PERMANOVA to examine
predictors of Bray—Curtis dissimilarities in our dataset
[20]. In this PERMANOVA, we included reproductive
status as our predictor of interest, as well as individual
identity, rainfall, and social group as fixed effects, as we
suspected these could be related to microbial community
dissimilarity (Additional file 5).

Differential abundance

To examine which bacterial taxa were differentially abun-
dant among reproductive states, we used the R package
DESeq2 to compute geometric means for all read counts
per sample [38]. We explored shifts in relative abundance
of bacterial taxa at multiple levels: phylum, genus, and
amplicon sequence variant (ASV). We first agglomerated
our ASVs at the phylum level, which yielded 11 distinct
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phyla. Next we agglomerated our ASVs at the genus level,
which yielded 134 distinct genera. We additionally cal-
culated differential abundance of individual ASVs (312
ASVs). We used Wald tests to determine the log2 fold dif-
ferences among the reproductive states and used adjusted
p values (alpha=0.01) to account for multiple tests. We
conducted pairwise comparisons between reproductive
states to examine if these transitions are related to gut
microbial community structure at the phylum, genus,
and/or ASV level.

Estimated metabolic pathways

We used the package PICRUSt2 to estimate metabolic
pathways present in our samples using KEGG orthologs
[21]. We tested for significant dissimilarity in estimated
metabolic pathways among the reproductive states using
a PERMANOVA including individual identity as a con-
trol. To compare relative abundance of putative metabolic
pathways, we used the Wald tests function of DESeq2
to compare log2 fold differences between variables of
interest. We performed three contrasts: cycling versus
pregnant, pregnant versus nursing, and nursing versus
cycling. We computed adjusted p values (alpha=0.01) to
account for multiple testing. All code used for analysis in
this study is available at https://github.com/webbshasta/
CapuchinReproductionBehaviourMicrobiome.

Results

Aim 1: compare activity budgets of white-faced capuchins
among and within cycling, pregnancy, and nursing stages
To visualize overall activity budget shifts across the
reproductive cycle, we combined related behaviours (see
Ethogram, Additional file 1: Table S1) into six general
categories: Foraging, Resting, Social Affiliation, Social
Aggression, Travel, and Other. We calculated propor-
tions of each category per total scans per day (Fig. 3).

Resting activity within and among reproductive states

A generalized linear mixed model (n=13,721 total scans
from 33 individuals) of resting activity that included repro-
ductive state outperformed a null model excluding this
variable, suggesting some variation in resting behaviour
was explained by reproductive stage. High social rank was
significantly negatively related to total resting scans (Esti-
mate=—0.13, SE=0.06, Z—Value=-2.16, p=0.03), indi-
cating that higher ranking individuals rested less often
than lower or mid—ranking individuals. Maximum tem-
perature was significantly positively related to total rest-
ing scans indicating that monkeys rested 1.25 times more
frequently in hot temperatures (Estimate=0.22, SE=0.02,
Z—Value=10.35, p<0.001). Incident rate ratios for all
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predictors are presented in Fig. 4a and values reported
in Additional file 5: Table S3. Predicted counts of resting
scans per day are visualized in Fig. 4b and demonstrate that
resting increased throughout pregnancy and early nursing,
dipped in mid-nursing, and increased again in late nursing.
However, variation was minor and we did not find signifi-
cant pairwise differences among the eight individual repro-
ductive stages.

Foraging activity within and among reproductive states
The GLMM of foraging activity (n = 13,721 total scans
from 33 individuals) that included reproductive state out-
performed the null model. Foraging scans were recorded
0.12 less frequently per day for females in Nursing Stage
1 compared to other stages (Estimate=-0.13, SE=0.05,
Z—Value=—245, p=0.01). Ecological variables includ-
ing rainfall, daily maximum temperature, and estimated
fruit biomass were also significantly correlated with for-
aging scans per day and values are reported in Additional
file 5 Table S3. Incidence rate ratios for all predictors in the
model are presented in Fig. 5a and we visualized predicted
counts of foraging scans per day in Fig. 5b. These predicted
counts suggest that foraging scans steadily decreased
throughout pregnancy and into early nursing before
increasing throughout late nursing and into post—weaning
cycling.
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Aim II: investigate gut microbial changes in female Additional file 6: Table S4). Rainfall was significantly neg-
capuchins among cycling, pregnant, and nursing states atively correlated with Chaol richness (Incidence Rate
Gut microbial community structure among reproductive Ratio=0.89, CI=0.83-0.95, p=0.001). Daily maximum
states temperature was significantly positively related to Shan-

Reproductive state was not a significant predictor of the  non alpha diversity of bacteria taxa (Additional file 6:
Chaol richness (n=298 samples from 33 individuals,



Webb et al. Animal Microbiome (2023) 5:63

Table S4) but none of our other predictors were signifi-
cant predictors of richness or alpha diversity.

Reproductive status was not a significant predictor of
gut microbial community dissimilarity (Additional file 6:
Table S4) and samples from the same reproductive state
did not cluster distinctly (Fig. 6a). Individual identity pre-
dicted a significant degree of gut microbial community
dissimilarity among samples (PERMANOVA: DF=28,
pseudo-F=1.225, R*=0.112, p=0.007). Social group was
not a significant predictor of gut microbial dissimilarity.
(Additional file 6: Table S4).

To investigate other structural changes in the fecal
microbial communities among reproductive states,
we visualized the relative abundance of phyla across
the reproductive cycle, grouping all phyla with rela-
tive abundances lower than 1% (Fig. 6b). No meaning-
ful shifts in relative abundance of phyla (i.e., log2 fold
change >2) were detected. From cycling to pregnancy,
one genus, Veillonella, increased substantially (Log2 fold
change=6.367, p<0.001). We made p-value adjustments
for multiple tests (alpha=0.01), and found that multiple
ASVs were significantly more or less relatively abundant
when reproductive states were directly compared. The
majority of these ASVs exhibited <2 log2 fold changes,
but three ASVs from the genera Tatumella (log2fold
change=23.2; SE=2.04; p-adj<0.001), Veillonella (log2
fold change=6.23; SE=1.35; p-adj<0.001), and Neisse-
ria (log2 fold change =6.00; SE=1.38; p-adj <0.001), were
significantly over-represented in pregnancy compared to
cycling. Once ASV from the genus Tatumella (log2 fold
change=-24.7; SE=2.30; p-adj<0.001), was significantly

NMDS2

0
NMDS1

—e— Cycling —+ Pregnant -# Nursing
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under-represented in nursing compared to pregnancy
(Additional file 7: Table S5).

Estimated metabolic pathways remain largely stable
among reproductive states

Reproductive status was not a significant predictor of
estimated metabolic pathway dissimilarity. Contrasts
between log2 fold differences in putative metabolic path-
ways among cycling, pregnant, and nursing capuchins
suggested that there were no substantial (i.e., log2 fold
change > 2) differences between reproductive states.

Discussion

We analyzed > 13,000 individual scans to explore behav-
ioural responses to reproduction and 298 fecal samples
to understand gut microbial community changes in a
population of reproductively mature female capuchin
monkeys. Our main findings are (1) reproductive state
explains some variation in activity budget; in particular,
foraging decreases significantly in early nursing com-
pared to cycling, though resting and foraging activity
remain otherwise stable across the reproductive cycle;
(2) gut microbial community richness, alpha diversity,
and putative metabolic pathways remain constant across
the reproductive cycle; (3) ecological variables includ-
ing maximum temperature and estimated fruit biomass,
as well as individual identity are associated with activity
budget and the gut microbiota.

Pregnant

1.00

0.75

. Firmicutes

. Actinobacteria
. Proteobacteria
. Bacteroidetes
. Epsilonbacteraeota

0.50

Fusobacteria

B < 1% abund.

Relative Abundance

0.25

0.00

Cycling Nursing

Fig. 6 For each sample, Bray—Curtis dissimilarity values were computed and ordinated using non-metric multidimensional scaling (NMDS) (A).
Reproductive status was not a significant predictor of dissimilarity. Relative abundance of phyla were visualized across reproductive statuses (B).
Phyla with relative abundances below 0.01 were grouped in the category “< 1% abund”
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Resting and foraging activity within and among
reproductive states
Resting behaviour peaked in early nursing, before
decreasing in mid-nursing, and rebounding in late nurs-
ing. Foraging behaviour decreased steadily from late
pregnancy into early nursing, at which point it was sig-
nificantly lower compared to other reproductive states.
Females during early nursing were often observed feed-
ing their young for short to extended periods while other
individuals were foraging, which may explain the drop
in foraging. We recognize that proportion of scans per
day spent in foraging states is an imperfect estimator for
amount of food consumed. Nevertheless, the drop in for-
aging behaviour during early nursing may have energy
balance implications for females. Other mechanisms may
allow capuchins to meet the increased energetic demands
of pregnancy and lactation. For example, they may alter
their foraging behaviour to eat more energy or fat-dense
foods and/or increase foraging rates. In goats, for exam-
ple, shifted dietary composition during gestation and lac-
tation to increase nutrient intake [49]. Past research on
the current study population also suggests that lactating
capuchins increased their feeding rate [46]. We unfor-
tunately lack the required depth of focal data to test this
with the current dataset. There might also be underlying
metabolic or other physiological changes such as shifts
associated with energy sparing or movement that we
were not able to capture in the present study that help
pregnant and lactating females address energy costs,
which has been observed in humans [56], bats [3], and
elephant seals [44]. Future studies monitoring energy bal-
ance could shed additional light onto these strategies.
While capuchins are generally considered highly flex-
ible [27], it is likely that resting and foraging behaviours
are constrained and influenced by social and environ-
mental factors, limiting the potential for flexibility in
response to reproductive state. When food and water
resources change from season to season, capuchins
alter foraging and ranging behaviours [9]. We also see
changes in putative thermoregulatory behaviours; capu-
chins rest more during the hottest parts of the day in the
hottest and driest months of the year. It is also possible
that female capuchins are constrained in altering activity
budget due to the pressures associated with group living.
White-faced capuchins form cohesive groups. Females
remain with the same social group their entire lives (with
the rare exception of group fissioning events), and capu-
chins forage, rest, and travel in relatively close proxim-
ity to one another. While pregnant and lactating females
might benefit from resting for longer periods of the
day, or foraging for longer periods, risk of predation or
encounters with other social groups may increase if they
become too dispersed from their group may be costly.
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Therefore, the ability of females to significantly alter rest-
ing or foraging may be constrained by the behavioural
choices of the rest of the social group.

Gut microbial community structure among reproductive
states

We found mixed support for the prediction that shifts
in gut microbiome composition increase energy absorp-
tion from food during pregnancy and nursing. In con-
trast to previous studies in humans that showed a drastic
decrease in richness and alpha diversity during pregnancy
[37], we did not observe significant changes in alpha
diversity in pregnant females. Females in cycling, preg-
nant, and nursing states did not cluster separately in a
beta diversity plot, suggesting alternative drivers of com-
munity dissimilarity, including social group and ecologi-
cal variables. Overall, female capuchins did not exhibit
large gut microbial structural shifts. In terms of potential
microbial markers of increased energy intake from foods,
which was a central interest of ours, we did not find evi-
dence of significant shifts in relative abundance of Firmi-
cutes or Bacteroidetes in our study population, which has
previously been suggested as a biomarker for increased
metabolic activity in the gut of mice and humans [63]. We
found that one genus (Veillonella) and three ASVS from
the genera Veillonella, Tatumella, and Neisseria exhib-
ited signficiant over-representation during various stages
of the reproductive cycle. Notably, members of the genus
Veillonella substantially increased during pregnancy and
are associated with lactate fermentation. Lactate is fer-
mented by multiple species of Veillonella to propionate
and acetate, which may be of use to the host, especially
during times of increased energy need [57]. To further
understand whether this increase in relative abundance
of a known lactate fermenter, reliable metabolic pathway
data are needed. Tatumella is a member of Enterobac-
teriaceae, which is a family of bacteria that contain both
commensal species and potential pathogens [34]. Though
we were not able to determine the species of Tatumella
in our dataset, it would be a worthwhile endeavor to
investigate its possible role during pregnancy, given that
reproduction is linked to shifts in the immune system of
the host, and presence of this taxon could represent an
immune challenge to the host. Finally, most members of
Neisseria are common gut commensals that occupy the
mucosal surfaces of many animals. Two Neisseria spe-
cies N. gonorrhoeae and N. meningitidis are pathogenic in
humans, though with 16S amplicon data we are unable to
determine the species of this genus in our study, though
investigations into the relationship between reproduc-
tion and gut microbial community composition are war-
ranted with shotgun metagenomic and/or metabolomic
approaches. Our results suggest that small changes in the
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gut microbiome occur during pregnancy, though in this
population, reproductive state is not a critical driver of
gut microbial community composition, at least at a broad
scale. Finally, we also did not find evidence of increases
in metabolic pathways associated with increased energy
absorption from foods in the reproductive states that are
linked to increased energetic needs (i.e., pregnancy and
lactation).

Our results also suggest that, broadly speaking, puta-
tive functional capacity of the gut microbiota remains
consistent in different stages of the reproductive cycle.
Other physiological or behavioural processes may par-
tially compensate for the increased energy needs of
females during pregnancy and lactation, including finer
scale behavioural shifts we were not able to capture
with our data collection. Importantly, however, there are
inherent limitations to current methods for identifying
putative metabolic pathways from amplicon data. While
tools such as PICRUSt2, which we used to identify poten-
tial microbial community function, are improved over
earlier versions, they are still unlikely to capture accurate
functional diversity of gut microbial communities. This
is partly due to the limitations of amplicon sequencing
approaches in general, which permit only coarse scale
taxonomic data, and especially true in in wild systems,
where there are many unidentified bacterial taxa. Future
studies incorporating data from shotgun metagenomics,
metabolomics and/or transcriptomics should overcome
some of these limitations and provide additional insight.

Studies on the interaction between reproduction,
behaviour, and the gut microbiome in wild animals
remains limited, but a growing body of research in this
area suggest these relationships are complex and multi-
faceted. In mice, for example, Kimura et al. [36] found
that offspring metabolic phenotypes were influenced by
the maternal gut microbiota, which were influenced by
dietary type. In wild Tibetan antelope (Pantholops hodg-
sonii), late pregnancy and early periparturition were
linked to shifts in gut microbial communities and asso-
ciated with physiological and behavioural changes [59].
Williams et al. [67] found a link between phytoestrogens
in the diet, the gut microbiome, and infertility in white
rhinos, suggesting that dietary choice and behaviour
might be more strongly associated with reproductive
outcomes in wild animals than previously thought. Previ-
ous studies of non-human primates tend to suggest that
the gut microbiome shifts considerably throughout the
reproductive cycle, though results—and their implica-
tions for individual fitness and health outcomes—differ
based on species and study site [2, 41, 43].

In an examination of white-faced capuchin reproduc-
tive microbial ecology, Mallott and Amato [41] exam-
ined how gut microbial communities changed across
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reproductive states in females (Ngmaies =5 Ngymples=39)
sampled across one year in an aseasonally breeding
population. Results suggested that the gut microbiome
shifts significantly during the reproductive cycle, includ-
ing differences in relative abundance of multiple phyla
and putative metabolic pathways. However, this capu-
chin population lives in an aseasonal rainforest, with
little variation in food and water availability throughout
the annual cycle [42]. The ecosystem where our present
study took place undergoes, by contrast, distinct shifts in
temperature, water availability, and fruit and arthropod
abundance [10, 50]. We have observed effects of shift-
ing ecological variables on ranging behaviour, activity
budget, food choice, and the gut microbiota in this popu-
lation [8, 9, 47, 53, 54]. Extreme seasonality at the pre-
sent study site and aseasonality at a different site that is
home to the same species of capuchins may have critical
implications for our understanding of how flexible and
plastic this species is across its home range. Capuchins
are considered a highly flexible species [27, 47], yet the
reality might be more nuanced. Johnson and Brown [32]
examined niche breadth in Mesoamerican primates using
an ecological niche modeling approach, and found that
capuchins were highly constrained by precipitation and
temperatures. The temperatures and water availability at
our study site are near the limit of suitable conditions for
this species, which may explain the lack of flexibility that
we see in behaviour and gut microbiota in response to
reproductive states. Understanding how flexibility shifts
across a species range and identifying what ecological
or social factors permit or constrain a species’ ability to
be flexible is critical to understanding not only that spe-
cies’ history, but also how it might fare as ecosystems face
anthropogenic and climate-related changes.
Alternatively, we may be prematurely dimissing the
importance of individual and social variables in response
to reproductive states. For example, humans residing
in the same population display remarkable differences
in response to reproductive demands across our global
range. Pregnant individuals in the Gambia and Sweden
experience high between- and within-group variation in
weight gain and energy expenditure throughout preg-
nancy [55, 56] and high inter-individual differences in
gut microbiota among members of the same population
has been found in humans [31, 68]. Individual identity
was a significant predictor of taxonomic dissimilarity in
our present data set, and a larger sample size with finer
scale taxonomic resolution to species or strain level (i.e.,
using shotgun metagenomics) may reveal higher indi-
vidual variation in functional capacity of the gut micro-
biome. Though we did not find a significant effect of
social group on gut microbial dissimilarity in the cur-
rent study, previous analysis of this population found a
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small but signficiant effect of social group, but only dur-
ing certain seasons [53, 54]. Further, while activity budg-
ets and amplicon sequencing provide important, though
relatively coarse, data about behaviour and gut micro-
biota respectively, future research on this population of
capuchins could incorporate individual focal data and/or
shotgun metagenomic sequencing, both of which would
provide a more detailed understanding of reproductive
behavioural and microbial ecology. Futher, we present a
monthly time series of sampling, which limits what we
can decipher about individualized shifts in gut microbial
community structure. Finer scale, more frequent sam-
pling of each study individual would improve our under-
standing of personalization of the gut microbiome as well
as overarching patterns that may exist. Other aspects of
individual physiology, including stress responses, might
also play a role in gut microbial community structure
and function. Importantly, fecal samples are an imper-
fect predictor for the array of microbial communities
that inhabit the mammalian gut. Working non-invasively
with free-living animals presents limitations in sampling
and therefore limits our interpretation of the nuances of
how microbial symbionts throughout the gastrointesti-
nal tract affect or are affected by the host. While we lack
these data, as well as direct links between behaviour and
gut microbial communities in the current study, future
research on this topic is warranted.

How animals respond to the demands of reproduc-
tion—and how these might relate to behaviour and the
gut microbiota—has important consequences for the via-
bility of offspring, and on a longer term scale, the stabil-
ity of a population or species. Further, it is possible that
other body site microbiomes aside from the gut (includ-
ing but limited to reproductive organ microbiomes) may
play a role in facilitating reproduction, and may also be
linked to behaviour of the host [13]. The intricacies of
how animals are able to shift their behaviour and how
their gut microbial communities respond to pregnancy
and lactation represent a complex but critical area of
research. For populations living near the ecological lim-
its of their species ranges, it is especially important to
understand the extent to which plasticity in behaviour
and gut microbial communities might influence preg-
nancy outcomes and fitness.

Conclusions

We examined the relationship between reproductive state,
activity budget, and the gut microbiome. Leveraging the
rare sampling opportunities provided by one of the long-
est running studies of wild monkeys, we find that foraging
behavior decreases throughout pregnancy and into early
nursing, while resting increases over this same period,
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suggesting that females are not using an energy acquisi-
tion strategy to cope with increased energy costs of gesta-
tion and lactation. We also document relative stability of
the gut microbiome across the reproductive states. This
differs from the few studies reported to date on the micro-
biome of wild mammals across reproductive cycles and
may be driven by substantial impact of ecological vari-
ables in this highly seasonal habitat. We combined behav-
ioral and gut microbiota data to answer questions related
to flexibility in response to reproduction, demonstrating
the importance of considering plasticity more holistically
in the context of intrinsic and extrinsic factors.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/542523-023-00280-6.

Additional file 1: Table S1. Ethogram of behaviours for white-faced
capuchin monkeys at Sector Santa Rosa, Costa Rica.

Additional file 2: Table S2. Generalized linear model outputs to test vari-
ance inflation factor for ecological variables.

Additional file 3. Protocol for extracting DNA from fecal samples.
Additional file 4. Protocol for purifying DNA extracted from fecal samples.

Additional file 5: Table S3. Generalized linear mixed model outputs for
resting and foraging behaviours.

Additional file 6: Table S4. Generalized linear mixed model outputs for
richness and alpha diversity among fecal samples across reproductive
states and PERMANOVA for Bray-Curtis dissimilarity among fecal samples.

Additional file 7: Table S5. Differential abundance of phyla and genera
using DESeq@?2 and adjusted p-values.

Acknowledgements

We thank: Roger Blanco and the Area de Conservacién Guanacaste for permit-
ting this research; Saul Cheves Hernandez, Monica Myers, Kelly Kries, Nuria
Ferrero, Nile Carrethers, and Ronald Lopez for assistance in the field; and Urs
Kalbitzer and Jeremy Hogan for help with analyses.

Author contributions

SEW and ADM conceived the study. SEW and REW collected the data. SEW
and JDO completed laboratory work. SEW analyzed the data with input from
JDO. SEW led the writing of the manuscript. All authors provided feeback on
the manuscript at various stages and approved the current submission.

Funding

Data collection was supported by The Eppley Foundation for Research (JDO,
ADM), the International Center for Advanced Renewable Energy and Sustain-
ability (JDO, ADM), Washington University in St. Louis (JDO, ADM), the Alberta
Children’s Hospital Research Institute (ADM, SEW, JDO), the National Sciences
and Engineering Research Council (ADM), a Canada Research Chair Tier Il
(ADM), Sigma Xi (SEW), the American Society of Primatologists (SEW), Alberta
Innovates (SEW), and a Vanier Canada Graduate Scholarship (SEW). The project
that gave rise to these results received the support of a fellowship from“la
Caixa"Foundation (ID 100010434) and from the European Union's Horizon
2020 research and innovation programme under the Marie Sktodowska-
Curie grant agreement No 847648 (JDO). The fellowship code is LCF/BQ/
P120/11760004.

Availability of data and materials
Raw DNA sequences were submitted to the NCBI Short Read Archive (BioSam-
ple submission ID: SUB12615448).


https://doi.org/10.1186/s42523-023-00280-6
https://doi.org/10.1186/s42523-023-00280-6

Webb et al. Animal Microbiome (2023) 5:63

Declarations

Ethics approval and consent to participate

Samples were collected with permission from the government of Costa Rica
from CONAGEBIO (Approval No. R-025-2014-OT-CONEGABIO) and exported
under the Area de Conservacion Guanacaste permit (DSVS-029-2014-ACG-
PI-060-2014). Samples were imported into Canada with permission from the
Canadian Food Inspection Agency (Import Permit: A-2016-03992-4). All data
collection complied with Costa Rican law and were approved by University of
Calgary Animal Care Committee (#AC15-0161).

Consent for publication
All authors consent to this publication.

Competing interests
The authors declare no competing interests.

Author details

'Department of Anthropology and Archaeology, University of Calgary, 2500
University Dr NW, Calgary, AB T2N 1N4, Canada. >Department of Biological Sci-
ences, University of Notre Dame, Notre Dame, IN 46556, USA. 3Département
d'anthropologie, Université de Montréal, 3150 Rue Jean-Brillant, Montréal,

QC H3T 1N8, Canada. 4Department of Medical Genetics, Cumming School

of Medicine, University of Calgary, 3330 Hospital Dr NW, Calgary, AB T2N 4N1,
Canada.

Received: 8 February 2023 Accepted: 5 November 2023
Published online: 15 December 2023

References

1. Altmann J. Baboon mothers and infants. University of Chicago Press;
2001.

2. Amato KR, Leigh SR, Kent A, Mackie RI, Yeoman CJ, Stumpf RM, Wilson BA,
Nelson KE, White BA, Garber PA. The role of gut microbes in satisfying the
nutritional demands of adult and juvenile wild, black howler monkeys
(Alouatta pigra). Am J Phys Anthropol. 2014;155(4):652-64.

3. Becker NI, Encarnacédo JA, Tschapka M, Kalko EKV. Energetics and life-his-
tory of bats in comparison to small mammals. Ecol Res. 2013;28(2):249-
58. https://doi.org/10.1007/511284-012-1010-0.

4. Benavidez KM, Iruri-Tucker A, Steiniche T, Wasserman MD. Primate micro-
bial endocrinology: an uncharted frontier. Am J Primatol. 2019;81(10-
11):223053. https://doi.org/10.1002/ajp.23053.

5. Bergstrom ML. Seasonal effects on the nutrition and energetic condition
of female white-faced capuchin monkeys [Doctoral dissertation]. Univer-
sity of Calgary (2015).

6. Bowen WD, Ellis SL, Iverson SJ, Boness DJ. Maternal effects on off-
spring growth rate and weaning mass in harbour seals. Can J Zool.
2001,79(6):1088-101.

7. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADAZ2: high-resolution sample inference from Illumina amplicon data.
Nat Methods. 2016;13(7):581-3. https://doi.org/10.1038/nmeth.3869.

8. Campos FA, Bergstrom ML, Childers A, Hogan JD, Jack KM, Melin AD,
Mosdossy KN, Myers MS, Parr NA, Sargeant E, Schoof VAM, Fedigan LM.
Drivers of home range characteristics across spatiotemporal scales in
a Neotropical primate, Cebus capucinus. Anim Behav. 2014;91:93-109.
https://doi.org/10.1016/j.anbehav.2014.03.007.

9. Campos FA, Fedigan LM. Behavioral adaptations to heat stress and
water scarcity in white-faced capuchins (Cebus capucinus) in Santa Rosa
National Park, Costa Rica. Am J Phys Anthropol. 2009;138(1):101-11.

10. Campos FA, Jack KM, Fedigan LM. Climate oscillations and conserva-
tion measures regulate white-faced capuchin population growth and
demography in a regenerating tropical dry forest in Costa Rica. Biol Cons.
2015;186:204-13.

11. Carnegie S, Fedigan L, Melin A. Reproductive seasonality in female
capuchins (Cebus capucinus) in Santa Rosa (Area de Conservacion Guan-
acaste), Costa Rica. Int J Primatol. 2011;32(5):1076-90. https://doi.org/10.
1007/510764-011-9523-x.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

Page 13 of 14

. Clutton-Brock TH, Albon SD, Guinness FE. Fitness costs of gestation and

lactation in wild mammals. Nature. 1989;337(6204):260-2. https://doi.org/
10.1038/337260a0.

. Comizzoli P, Power ML, Bornbusch SL, Muletz-Wolz CR. Interactions

between reproductive biology and microbiomes in wild animal species.
Anim Microb. 2021;3(1):87. https://doi.org/10.1186/542523-021-00156-7.

. Craney TA, Surles JG. Model-dependent variance inflation factor cutoff

values. Qual Eng. 2002;14(3):391-403. https://doi.org/10.1081/QEN-12000
1878.

. Davis NM, Proctor DM, Holmes SP, Relman DA, Callahan BJ. Simple statisti-

cal identification and removal of contaminant sequences in marker-gene
and metagenomics data. Microbiome. 2018;6(1):226. https://doi.org/10.
1186/540168-018-0605-2.

. De Ruiter JR. The influence of group size on predator scanning and forag-

ing behaviour of wedgecapped capuchin monkeys (Cebus olivaceus).
Behaviour. 1986;98(1):240-58.

. DeschnerT, Kratzsch J, Hohmann G. Urinary C-peptide as a method for

monitoring body mass changes in captive bonobos (Pan paniscus). Horm
Behav. 2008;54(5):620-6. https://doi.org/10.1016/j.yhbeh.2008.06.005.

. Dewey KG. Energy and protein requirements during lactation. Annu Rev

Nutr. 1997;17(1):19-36. https://doi.org/10.1146/annurev.nutr.17.1.19.

. DiGiulio DB, et al. Temporal and spatial variation of the human microbiota

during pregnancy. PNAS. 2015;112:11060-5. https://doi.org/10.1073/
pnas.1502875112.

Dixon P.VEGAN, a package of R functions for community ecology. J Veg Sci.
2003;14(6):927-30. https://doi.org/10.1111/j.1654-1103.2003.tb02228 x.
Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, Hut-
tenhower C, Langille MGI. PICRUSt2 for prediction of metagenome func-
tions. Nat Biotechnol. 2020. https://doi.org/10.1038/541587-020-0548-6.
Dufour DL, Sauther ML. Comparative and evolutionary dimensions

of the energetics of human pregnancy and lactation. Am J Hum Biol.
2002;14(5):584-602. https://doi.org/10.1002/ajhb.10071.

Edwards SM, Cunningham SA, Dunlop AL, Corwin EJ. The maternal

gut microbiome during pregnancy. MCN Am J Matern Child Nurs.
2017;42:310-317. https://doi.org/10.1097/NMC.0000000000000372.
Ellison PT. Energetics and reproductive effort. Am J Hum Biol.
2003;15(3):342-51. https://doi.org/10.1002/ajhb.10152.

Emery Thompson M. Comparative reproductive energetics of human and
nonhuman primates. Annu Rev Anthropol. 2013;42:287-304.

Fontaine E. Food intake and nutrition during pregnancy, lacta-

tion and weaning in the dam and offspring. Reprod Domest Anim.
2012;47(s6):326-30. https://doi.org/10.1111/rda.12102.

Fragaszy DM, Visalberghi E, Fedigan LM. The complete capuchin: the biol-
ogy of the genus Cebus. Cambridge University Press; 2004.

Gittleman JL, Thompson SD. Energy allocation in mammalian reproduc-
tion. Integr Comp Biol. 1988,28(3):863-75. https://doi.org/10.1093/icb/
28.3.863.

Gohl DM, Vangay P, Garbe J, MacLean A, Hauge A, Becker A, Gould TJ,
Clayton JB, Johnson TJ, Hunter R, Knights D, Beckman KB. Systematic
improvement of amplicon marker gene methods for increased accuracy
in microbiome studies. Nat Biotechnol. 2016;34(9):942-9. https://doi.org/
10.1038/nbt.3601.

Harrison MJ. Age and sex differences in the diet and feeding strate-

gies of the green monkey, Cercopithecus sabaeus. Anim Behav.
1983;31(4):969-77.

Healey GR, Murphy R, Brough L, Butts CA, Coad J. Interindividual variabil-
ity in gut microbiota and host response to dietary interventions. Nutr Rev.
2017;75(12):1059-80. https://doi.org/10.1093/nutrit/nux062.

Johnson SE, Brown KA. The specialist capuchin? Using ecological niche
models to compare niche breadth in mesoamerican primates. In:
Kalbitzer U, Jack KM, editors. Primate life histories, sex roles, and adapt-
ability: essays in honour of Linda M. Fedigan. Springer; 2018. p. 311-29.
https://doi.org/10.1007/978-3-319-98285-4_15.

Jost T, Lacroix C, Braegger C, Chassard C. Stability of the maternal gut
microbiota during late pregnancy and early lactation. Curr Microbiol.
2013,68:419-427. https://doi.org/10.1007/500284-013-0491-6.

Kang E, Crouse A, Chevallier L, Pontier SM, Alzahrani A, Silué N, Campbell-
Valois F-X, Montagutelli X, Gruenheid S, Malo D. Enterobacteria and host
resistance to infection. Mamm Genome. 2018;29(7):558-76. https://doi.
0rg/10.1007/500335-018-9749-4.


https://doi.org/10.1007/s11284-012-1010-0
https://doi.org/10.1002/ajp.23053
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.anbehav.2014.03.007
https://doi.org/10.1007/s10764-011-9523-x
https://doi.org/10.1007/s10764-011-9523-x
https://doi.org/10.1038/337260a0
https://doi.org/10.1038/337260a0
https://doi.org/10.1186/s42523-021-00156-7
https://doi.org/10.1081/QEN-120001878
https://doi.org/10.1081/QEN-120001878
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.1016/j.yhbeh.2008.06.005
https://doi.org/10.1146/annurev.nutr.17.1.19
https://doi.org/10.1073/pnas.1502875112
https://doi.org/10.1073/pnas.1502875112
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1002/ajhb.10071
https://doi.org/10.1097/NMC.0000000000000372
https://doi.org/10.1002/ajhb.10152
https://doi.org/10.1111/rda.12102
https://doi.org/10.1093/icb/28.3.863
https://doi.org/10.1093/icb/28.3.863
https://doi.org/10.1038/nbt.3601
https://doi.org/10.1038/nbt.3601
https://doi.org/10.1093/nutrit/nux062
https://doi.org/10.1007/978-3-319-98285-4_15
https://doi.org/10.1007/s00284-013-0491-6
https://doi.org/10.1007/s00335-018-9749-4
https://doi.org/10.1007/s00335-018-9749-4

Webb et al. Animal Microbiome

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

(2023) 5:63

Key C, Ross C. Sex differences in energy expenditure in non-human
primates. Proc R Soc Lond B Biol Sci. 1999;266(1437):2479-85. https://doi.
0rg/10.1098/rspb.1999.0949.

Kimura |, et al. Maternal gut microbiota in pregnancy influences offspring
metabolic phenotype in mice. Science. 2020;367:eaaw8429. https://doi.
org/10.1126/science.aaw8429.

Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Kling Backhed H,
Gonzalez A, Werner JJ, Angenent LT, Knight R, Backhed F, Isolauri E, Salm-
inen S, Ley RE. Host remodeling of the gut microbiome and metabolic
changes during pregnancy. Cell. 2012;150(3):470-80. https://doi.org/10.
1016/j.cell.2012.07.008.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
https://doi.org/10.1186/513059-014-0550-8.

Ludecke D. sjPlot: data visualization for statistics in social Science. R pack-
age version 2.8.15. 2023. https://CRAN.R-project.org/package=sjPlot.
Lunn PG, Austin S, Prentice AM, Whitehead RG. The effect of improved
nutrition on plasma prolactin concentrations and postpartum infertility
in lactating Gambian women. Am J Clin Nutr. 1984;39(2):227-35. https://
doi.org/10.1093/ajcn/39.2.227.

Mallott EK, Amato KR. The microbial reproductive ecology of white-faced
capuchins (Cebus capucinus). Am J Primatol. 2018;80(8):e22896. https://
doi.org/10.1002/ajp.22896.

Mallott EK, Amato KR, Garber PA, Malhi RS. Influence of fruit and inverte-
brate consumption on the gut microbiota of wild white-faced capuchins
(Cebus capucinus). Am J Phys Anthropol. 2018;165(3):576-88. https://doi.
org/10.1002/ajpa.23395.

Mallott EK, Borries C, Koenig A, Amato KR, Lu A. Reproductive hormones
mediate changes in the gut microbiome during pregnancy and lacta-
tion in Phayre’s leaf monkeys. Sci Rep. 2020. https://doi.org/10.1038/
$41598-020-66865-2.

Maresh J, Adachi T, Takahashi A, Naito Y, Crocker D, Horning M, Williams
T, Costa D. Summing the strokes: energy economy in northern elephant
seals during large-scale foraging migrations. Mov Ecol. 2015;3(1):22.
https://doi.org/10.1186/540462-015-0049-2.

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnetJournal. 2011;17(1):10-2. https://doi.org/10.
14806/€j.17.1.200.

McCabe GM, Fedigan LM. Effects of reproductive status on energy intake,
ingestion rates, and dietary composition of female Cebus capucinus at
Santa Rosa, Costa Rica. Int J Primatol. 2007;28(4):837-51. https://doi.org/
10.1007/510764-007-9159-z.

Melin AD, Hogan JD, Campos FA, Wikberg E, King-Bailey G, Webb S,
Kalbitzer U, Asensio N, Murillo-Chacon E, Hernandez SC, Chavarria AG,
Schaffner CM, Kawamura S, Aureli F, Fedigan L, Jack KM. Primate life
history, social dynamics, ecology, and conservation: contributions from
long-term research in Area de Conservacién Guanacaste, Costa Rica.
Biotropica. 2020;52(6):1041-64. https://doi.org/10.1111/btp.12867.

Melin AD, Webb SE, Williamson RE, Chiou KL. Data collection in field pri-
matology: a renewed look at measuring foraging behaviour. In: Kalbitzer
U, Jack KM, editors. Primate life histories, sex roles, and adaptability: essays
in Honour of Linda M. Fedigan. Springer; 2018. p. 161-92. https://doi.org/
10.1007/978-3-319-98285-4_9.

Mellado M, Rodriguez A, Villarreal JA, Olvera A. The effect of pregnancy
and lactation on diet composition and dietary preference of goats in a
desert rangeland. Small Rumin Res. 2005;58(1):79-85. https://doi.org/10.
1016/j.smallrumres.2004.07.014.

Mosdossy KN, Melin AD, Fedigan LM. Quantifying seasonal fallback

on invertebrates, pith, and bromeliad leaves by white-faced capuchin
monkeys (Cebus capucinus) in a tropical dry forest. Am J Phys Anthropol.
2015;158(1):67-77.

National Research Council, C. on A. N. Protein. In; Read “Nutrient require-
ments of nonhuman primates: second revised edition”at NAPedu, 2nd
ed., National Academies Press; 2003. pp. 75-81. https://doi.org/10.17226/
9826

Nuriel-Ohayon M, et al. Progesterone increases bifidobacterium relative
abundance during late pregnancy. Cell Rep. 2019;27:730-736.e3. https://
doi.org/10.1016/j.celrep.2019.03.075.

Orkin JD, Campos FA, Myers MS, Hernandez SEC, Guadamuz A, Melin AD.
Seasonality of the gut microbiota of free-ranging white-faced capuchins

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 14 of 14

in a tropical dry forest. ISME J. 2019;13(1):183. https://doi.org/10.1038/
$41396-018-0256-0.

Orkin J, Webb S, Melin A. Small to modest impact of social group on the
gut microbiome of wild Costa Rican capuchins in a seasonal forest. Am J
Primatol. 2019;81(11):22985. https://doi.org/10.1002/ajp.22985.

Poppitt SD, Prentice AM, Goldberg GR, Whitehead RG. Energy-sparing
strategies to protect human fetal growth. Am J Obstet Gynecol.
1994;171(1):118-25.

Poppitt SD, Prentice AM, Jéquier E, Schutz Y, Whitehead RG. Evidence of
energy sparing in Gambian women during pregnancy: a longitudinal
study using whole-body calorimetry. Am J Clin Nutr. 1993;57(3):353-64.
Scheiman J, Luber JM, Chavkin TA, MacDonald T, Tung A, Pham L-D,
Wibowo MC, Wurth RC, Punthambaker S, Tierney BT, Yang Z, Hattab MW,
Avila-Pacheco J, Clish CB, Lessard S, Church GM, Kostic AD. Meta'omic
analysis of elite athletes identifies a performance-enhancing microbe
that functions via lactate metabolism. Nat Med. 2019;25(7):1104-9.
https://doi.org/10.1038/541591-019-0485-4.

Serio-Silva JC, Hernandez-Salazar LT, Rico-Gray V. Nutritional composition
of the diet of Alouatta palliata mexicana females in different reproductive
states. Zoo Biol. 1999;18(6):507-13. https://doi.org/10.1002/(SICI)1098-
2361(1999)18:6%3c507:AID-Z005%3e3.0.CO;2-R.

Shi'Y, Miao Z-Y, Su J-P, Wasser SK. Shift of maternal gut microbiota of
Tibetan Antelope (Pantholops hodgsonii) during the periparturition
period. Curr Microbiol. 2021;78(2):727-38. https://doi.org/10.1007/
500284-020-02339-y.

Sinha T, Brushett S, Prins J, Zhernakova A. The maternal gut microbiome
during pregnancy and its role in maternal and infant health. Curr Opin
Microbiol. 2023;74:1023009. https://doi.org/10.1016/j.mib.2023.102309.
Smid MC, et al. Maternal gut microbiome biodiversity in pregnancy. Am J
Perinatol. 2018;35:24-30.

Sun B, et al. Variation of gut microbiome in free-ranging female tibetan
macaques (Macaca thibetana) across different reproductive states. Ani-
mals. 2021;11:39. https://doi.org/10.3390/ani11010039.

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An
obesity-associated gut microbiome with increased capacity for energy
harvest. Nature. 2006;444(7122):1027-131. https://doi.org/10.1038/natur
e05414.

Vasey N. Activity budgets and activity rhythms in red ruffed lemurs
(Varecia rubra) on the Masoala Peninsula, Madagascar: seasonality and
reproductive energetics. Am J Primatol. 2005;66(1):23-44. https://doi.org/
10.1002/ajp.20126.

Villar J, Cogswell M, Kestler E, Castillo P Menendez R, Repke JT. Effect of
fat and fat-free mass deposition during pregnancy on birth weight. Am
J Obstet Gynecol. 1992;167(5):1344-52. https://doi.org/10.1016/S0002-
9378(11)91714-1.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007;73(16):5261-7.

Williams CL, Ybarra AR, Meredith AN, Durrant BS, Tubbs CW. Gut
Microbiota and phytoestrogen-associated infertility in southern white
rhinoceros. MBio. 2019;10(2):e00311-e319. https://doi.org/10.1128/mBio.
00311-19.

Zhu A, Sunagawa S, Mende DR, Bork P. Inter-individual differences

in the gene content of human gut bacterial species. Genome Biol.
2015;16(1):82. https://doi.org/10.1186/513059-015-0646-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1098/rspb.1999.0949
https://doi.org/10.1098/rspb.1999.0949
https://doi.org/10.1126/science.aaw8429
https://doi.org/10.1126/science.aaw8429
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1186/s13059-014-0550-8
https://CRAN.R-project.org/package=sjPlot
https://doi.org/10.1093/ajcn/39.2.227
https://doi.org/10.1093/ajcn/39.2.227
https://doi.org/10.1002/ajp.22896
https://doi.org/10.1002/ajp.22896
https://doi.org/10.1002/ajpa.23395
https://doi.org/10.1002/ajpa.23395
https://doi.org/10.1038/s41598-020-66865-2
https://doi.org/10.1038/s41598-020-66865-2
https://doi.org/10.1186/s40462-015-0049-2
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1007/s10764-007-9159-z
https://doi.org/10.1007/s10764-007-9159-z
https://doi.org/10.1111/btp.12867
https://doi.org/10.1007/978-3-319-98285-4_9
https://doi.org/10.1007/978-3-319-98285-4_9
https://doi.org/10.1016/j.smallrumres.2004.07.014
https://doi.org/10.1016/j.smallrumres.2004.07.014
https://doi.org/10.17226/9826
https://doi.org/10.17226/9826
https://doi.org/10.1016/j.celrep.2019.03.075
https://doi.org/10.1016/j.celrep.2019.03.075
https://doi.org/10.1038/s41396-018-0256-0
https://doi.org/10.1038/s41396-018-0256-0
https://doi.org/10.1002/ajp.22985
https://doi.org/10.1038/s41591-019-0485-4
https://doi.org/10.1002/(SICI)1098-2361(1999)18:6%3c507::AID-ZOO5%3e3.0.CO;2-R
https://doi.org/10.1002/(SICI)1098-2361(1999)18:6%3c507::AID-ZOO5%3e3.0.CO;2-R
https://doi.org/10.1007/s00284-020-02339-y
https://doi.org/10.1007/s00284-020-02339-y
https://doi.org/10.1016/j.mib.2023.102309
https://doi.org/10.3390/ani11010039
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature05414
https://doi.org/10.1002/ajp.20126
https://doi.org/10.1002/ajp.20126
https://doi.org/10.1016/S0002-9378(11)91714-1
https://doi.org/10.1016/S0002-9378(11)91714-1
https://doi.org/10.1128/mBio.00311-19
https://doi.org/10.1128/mBio.00311-19
https://doi.org/10.1186/s13059-015-0646-9

	Activity budget and gut microbiota stability and flexibility across reproductive states in wild capuchin monkeys in a seasonal tropical dry forest
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Field site & study population
	Daily individual activity budgets
	Behavioural models for activity budget analysis
	Fecal sampling for gut microbiota analysis
	Laboratory processing
	Amplicon data preparation
	Gut microbiota community structure
	Differential abundance
	Estimated metabolic pathways

	Results
	Aim 1: compare activity budgets of white-faced capuchins among and within cycling, pregnancy, and nursing stages
	Resting activity within and among reproductive states
	Foraging activity within and among reproductive states
	Aim II: investigate gut microbial changes in female capuchins among cycling, pregnant, and nursing states
	Gut microbial community structure among reproductive states

	Estimated metabolic pathways remain largely stable among reproductive states

	Discussion
	Resting and foraging activity within and among reproductive states
	Gut microbial community structure among reproductive states

	Conclusions
	Anchor 28
	Acknowledgements
	References


