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Abstract
Research on the gut microbiota of free-ranging mammals is offering new insights into dietary ecology. However, for freeranging primates, little information is available for how microbiomes are inﬂuenced by ecological variation through time.
Primates inhabiting seasonal tropical dry forests undergo seasonally speciﬁc decreases in food abundance and water
availability, which have been linked to adverse health effects. Throughout the course of a seasonal transition in 2014, we
collected fecal samples from three social groups of free-ranging white-faced capuchin monkeys (Cebus capucinus imitator)
in Sector Santa Rosa, Área de Conservación Guanacaste, Costa Rica. 16S rRNA sequencing data reveal that unlike other
primates, the white-faced capuchin monkey gut is dominated by Biﬁdobacterium and Streptococcus. Linear mixed effects
models indicate that abundances of these genera are associated with ﬂuctuating availability and consumption of fruit and
arthropods, whereas beta diversity clusters by rainfall season. Whole shotgun metagenomics revealed that the capuchin gut is
dominated by carbohydrate-binding modules associated with digestion of plant polysaccharides and chitin, matching
seasonal dietary patterns. We conclude that rainfall and diet are associated with the diversity, composition, and function of
the capuchin gut microbiome. Additionally, microbial ﬂuctuations are likely contributing to nutrient uptake and the health of
wild primate populations.
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Mammalian gut microbiome research has demonstrated
pervasive interactions between the microbiota and both
intrinsic and extrinsic factors of the host, including diet,
phylogeny, health, and behavior [1–10]. Comparatively
little is known about the microbiota of free-ranging mammals, and the majority of wild studies focus on single
snapshots in time [11–14]. For free-ranging primates,
knowledge of how ecological and social variation inﬂuences relationships among health, ecology, and the gut
microbial communities of host animals is a growing area of
research [15–20].
Given the difﬁculty of sample acquisition [21], there
remains a paucity of longitudinal microbiome research on
free-ranging animals. Through replicate sampling of individual study subjects, longitudinal analyses can reveal how
subtle shifts in health and diet affect microbial communities.
The few longitudinal studies of free-ranging mammals
suggest that gut microbial composition is not stable over
time, and is inﬂuenced by environmental ﬂuctuations [9, 22,
23]. Seasonal variation in climate can inﬂuence habitat
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productivity, and thus dietary composition of resident animals. For example, marked seasonal variation in the gut
microbiota of wild wood mice results from a dietary transition between arthropod-based and plant-based diets corresponding with ﬂuctuations in Proteobacteria, and
Lactobacillus [9]. Furthermore, food shortage, thermoregulatory challenges, or disease stress due to seasonal
variation can strain physiological systems and be reﬂected
in the gut microbiome [24]. For example, gut microbial
communities of gorillas and howler monkeys correspond
with variation in dietary items and energy intake [22, 23].
Primates inhabiting the tropical dry forest of Sector
Santa Rosa (SSR), Área de Conservación Guanacaste,
Costa Rica, encounter extreme seasonal variation [25, 26]
due to several months of frequent rainfall (typically midMay to mid-November) followed by extended dry periods
without precipitation, near complete defoliation of trees,
and soaring temperatures (typically November through
early May; Fig. 1). Resident primates alter their diets and
behaviors to mitigate the impacts of climate on food
availability, water, and shade [27]. Fruit biomass follows a
strongly seasonal pattern, typically with fruit scarcity during the early wet season and again during the early dry
season; this alters foraging behavior of resident primates,
who increase consumption of embedded invertebrates,
ﬂowers, and pith when fruit is scarce [25, 28, 29]. Fruit
abundance at SSR has been shown to predict creatinine
concentration—a reliable proxy for muscle mass—in
white-faced capuchin urine, indicating that they suffer
physiologically from reduced energy intake during months
with lower fruit abundance [30]. Additionally, capuchin
Fig. 1 a Daily rainfall
throughout 2014 at SSR. Note
the distinct wet and dry seasons.
b Interpolated daily fruit
biomass during 2014. The open
circles show dates on which
biomass was measured. Samples
were collected from three groups
of white-faced capuchin
monkeys during the four shaded
sampling bouts (SB1–SB4)
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monkeys obtain drinking water from different sources in
wet and dry seasons, potentially exposing them to different
microbial communities. In the wet season, capuchins drink
more frequently from tree holes and lick foliage; in the dry
season, they drink from standing pools of ground-based
water.
Here, we contribute new data on the impact of environmental seasonality on the gut of white-faced capuchin
monkeys. We study the gut microbiota from 24 individuals
inhabiting the tropical dry forest of SSR over several
months spanning the dry to wet seasonal transition. We
hypothesize that bacterial community composition will
correspond to seasonal differences in fruit biomass and/or
rainfall. Speciﬁcally, we hypothesize that (1) if water
sources are important drivers of microbial communities,
microbial beta diversity will differ between the wet and dry
seasons and be more similar within seasonal classiﬁcations;
(2) if fruit biomass in the habitat affects diet and gut
microbial responses, the behavioral activity budget, microbial taxonomic composition, and metagenomic indicators of
enzyme activity associated with the degradation of carbohydrates versus chitin and protein will differ during periods
of fruit abundance and scarcity; (3) bacteria previously
associated with healthy gut function in the comparative
literature will be more abundant during periods of high fruit
availability versus periods of fruit scarcity when animals are
more nutritionally stressed. We integrate environmental,
dietary, and behavioral data with 16S amplicons and functional metagenomics in a longitudinal approach that provides a holistic advance in the study of Neotropical primate
microbial ecology.

Seasonality of the gut microbiota of free-ranging white-faced capuchins in a tropical dry forest

Methods
Seasonality in rainfall and fruit biomass
Sector Santa Rosa, part of the larger Área de Conservación
Guanacaste in northwestern Costa Rica (10°45′ to 11°00′ N
and 85°30′ to 85°45′ W), is a tropical dry forest ecosystem
[31]. This habitat is strongly seasonal, with the majority of
the precipitation (900–2400 mm annually) falling mid-May
through mid-November [25, 27]. SSR contains both primary forests and secondary forests in various stages of
regeneration, following the protection of this area in the late
1970s and subsequent sequestering and reforestation of
ranchland [31].
We calculated fruit biomass by combining monthly
phenological data with plant species abundances collected
from 273 100 × 4 m transects running north-south, and 151
100 × 2 m transects running east-west throughout the study
group home ranges (Figure S1). For food species, we
included in our fruit biomass calculations all trees of a given
species the same size or larger than any tree of that species
that capuchins have been observed to feed in from a dataset
of ca. 11,500 fruit patch visit records (see Table S1). Fruit
biomass calculations follow methods described elsewhere
[30, 32, 33] and are detailed in Supplemental Methods. We
collected rainfall data with a custom rain gauge checked
daily at 7 pm.

Behavioral data and fecal sample collection
White-faced capuchin monkeys (Cebus capucinus imitator)
are medium-sized (ca. 5 kg) arboreal monkeys with moderate sexual dimorphism [34]. They are omnivorous, consuming over 120 species of plants and a diet rich in
invertebrate and vertebrate prey [25, 35, 36]. In SSR,
capuchins have been studied continuously since 1983 and
are well-habituated to human observers [37]. We followed
three neighboring, habituated groups of capuchin monkeys
(GN, LV, RM) 3 to 4 days per month each. Every 30 min,
we recorded the activity of the majority of the group using
the ethogram developed for long-term data collection in
SSR (Table S2). Fruit foraging behaviors were recorded
separately from foraging focused on invertebrates, ﬂowers,
bromeliad leaves, or pith. Additionally, we recorded travel,
resting, social, and other behaviors (e.g., intergroup or
predator-focused interactions).
We collected fresh fecal samples from the same monkeys
between April 29th and December 10th, 2014. Samples
were collected from 8 members per group, totaling
24 individuals, all of whom were identiﬁed from facial
characteristics and body scars. Sampling occurred in four
bouts, once in the late dry season, twice during the rainy
season, and once during the following early dry season
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(Fig. 1, Table S3). Samples from each group were collected
in a rotating cycle during the course of 1 to 5 days. Female
white-faced capuchin monkeys are philopatric (remaining in
natal groups), so we prioritized the collection of samples
from females (six females, two males per group) to more
robustly sample the natal sex, improving control for
potential impacts of group membership on microbiota
composition [15]. We collected fecal samples from the
forest ﬂoor immediately following defecation, and before
12 pm to decrease external changes in microbiota composition. Researchers wore latex gloves and placed fecal
samples into empty, sterile 2 ml tubes, which were stored
with ice packs in portable coolers. Presence or absence of
arthropod exoskeletons was noted and samples were frozen
in liquid nitrogen upon returning to the ﬁeld station, typically between 12 and 3 pm. All samples were stored and
shipped frozen to the primate molecular ecology lab at
Washington University in St. Louis and stored at −80 °C.

Molecular lab work, variant identiﬁcation, and
functional metagenomics
We extracted DNA from 86 fecal samples in a UV sterilized
biosafety cabinet using a standard phenol–chloroform
extraction with bead beating [38]. The V4 region of the 16S
rRNA gene from each of the 86 samples was ampliﬁed in
triplicate with standard primers (515F, 806R) [39]. Samples
were pooled, tagged with dual indexes, and sequenced on
an Illumina MiSeq with V2 chemistry. Whole metagenomic
fragment libraries were targeted for 20 samples with adequate DNA concentrations (ﬁve individuals spanning the
four sampling bouts). Samples were tagged with dual
indexes and pooled to run on one lane of an Illumina HiSeq
2500, generating 2 × 125 paired-end reads. 16S reads were
checked for quality with FASTQC [40] and trimmed of
adaptors and primers with cutadapt [41]. Sample composition was inferred using DADA2, and taxonomy was
assigned from the RDP database [42, 43]. Unlike OTU
approaches, which rely on arbitrary clustering thresholds,
DADA2 identiﬁes unique 16S sequences at the nucleotide
level (amplicon sequence variants (ASVs)) using an error
controlling algorithm, resulting in improved precision and
fewer spurious sequences [43, 44].
Quality control of whole metagenomic shotgun reads
was performed with KneedData (https://bitbucket.org/bioba
kery/kneaddata). We identiﬁed coding sequence open
reading frames with FragGeneScan+ [45] and searched
for sequence homologs in the dbCAN database [46] of
carbohydrate-active enzymes (CAZymes) with hidden
Markov models using hmmscan in HMMER 3.1 [47].
Amino acid alignment tables were parsed with an E-value
of 1e–3. Abundances of individual CAZymes were normalized against the per sample total number of signiﬁcant
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CAZyme alignments. Carbohydrate-binding module (CBM)
functional classiﬁcations were identiﬁed by searching the
Carbohydrate-Active enZYmes Database (www.cazypedia.
org) and clustered by carbohydrate interaction (Table S4).
For comparative clarity, we grouped CBMs interacting with
cellulose, xylan, fructans, and other plant cell wall components as “Plant” CBMs. Differences in CBM relative
abundances across sampling bout and arthropod consumption were identiﬁed with Wilcoxon rank sum tests in R.

Prevalence/abundance/diversity metrics
Prior to analysis, we pruned reads belonging to mitochondria, cyanobacteria, chloroplasts, and unknown phyla from
the dataset to minimize sequences derived from residual
foods in the gut. To assess bacterial richness and diversity
within each sampling bout, we calculated Shannon Alpha
diversity from the pruned ASV tables with Phyloseq in R
[48, 49]. Ribosomal sequence variant abundances were then
normalized with the DESeq2 variance stabilizing transformation in Phyloseq. To reduce the effect of rare taxa on beta
diversity, we ﬁltered amplicon sequence variants (ASVs)
found in fewer than 10% of samples. Weighted Unifrac
distance Beta diversity was ordinated with canonical correspondence analysis and non-metric multidimensional
scaling (NMDS). We tested group differences in beta
diversity with PERMANOVA using the adonis function
from vegan in R with 10,000 permutations, while
accounting for individual identity as a covariate. ASVs were
then agglomerated at the genus level, and differences in
relative abundance of the ten most abundant genera across
sampling bouts were tested with ANOVA and Tukey’s
honest signiﬁcant difference test in R.

Linear mixed effects models of bacterial abundance
In order to detect differentially abundant ASVs between
seasons (wet/dry, abundant/scarce fruit) and diets (presence/
absence of arthropod exoskeletons in feces), we measured
changes in ASV log2 fold abundance between these binary
categories using linear mixed models built in phyloseq and
DESeq2. We identiﬁed signiﬁcantly over/under-represented
ASVs using Wald tests with Benjamin–Hochberg adjusted
p-values of 0.001.
We used the human and mouse microbiome literature to
identify genera potentially associated with digestive health
(Bacteroides, Biﬁdobacterium, Clostridium XIVa, Lactobacillus, Lactococcus) or enteric pathogenicity (Enterococcus, Escherichia/Shigella, Haemophilus, Helicobacter,
Campylobacter, Pseudomonas, and Streptococcus) [8, 9,
50, 51]. To determine ecological and dietary effects on the
abundances of these genera, agglomerations of ASVs in this
case, we built linear mixed models in R with lme4, nesting
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host animal identity within social group membership as a
random effect. We selected daily fruit biomass, average
daily rainfall within 30 days before sample collection,
presence/absence of arthropod exoskeletons in feces, age,
and sex as ﬁxed effects. To account for the effects of sex
and age, all models included these ﬁxed effects, but alternative models were built with each combination of the
remaining three variables. We ran a variance inﬂation factor
test in R, which indicated no collinearity among ﬁxed
effects (VIF between 1.0 and 1.4). To assess the appropriateness of model ﬁt, we examined plots of residuals
versus ﬁts and qq normality to identify outliers, removing
up to three points with substantial leverage based on visual
inspection. We ranked models by ΔAICc, and determined
directionality of predictors by their slopes. We calculated
the importance of each predictor by the summing the
weights of the models in which it appeared in R with
MuMIn. Additionally, we ran models to predict Shannon
Alpha diversity and Weighted Unifrac Beta diversity
(position along NMDS axes one and two) using the same
approach.

Results
Seasonality in rainfall and fruit biomass was prominent
during the study period (Fig. 1). We measured 1112.9 mm
of rain, concentrated between late May and early November. We recorded 48,799 trees along the forest transects,
cumulatively covering 9.06 ha of forest. Of the species
included in our phenology surveys, 10,466 were large
enough to be fed in by capuchins, which we included in our
biomass calculations. Fruit biomass was highest in the late
dry season, spanning Sampling Bout 1. During this period,
monkeys spent signiﬁcantly more of their foraging activity
budget foraging on ripe fruit, and overall time spent in
foraging versus other behaviors was lower (Fig. 2). In
subsequent sampling periods, monkeys spent a greater
amount of time foraging outside ripe-fruit patches, almost
entirely on invertebrates (Table S2).

Biodiversity of gut microbiota from 16S amplicon
sequencing
After DADA2 ﬁltration, merger, and chimera removal, we
used 5,527,759 2 × 250 PE reads to identify 3371 unique
taxa from 86 capuchin fecal samples with a median of
61,684 reads per sample. After we ﬁltered out low abundance reads, 418 taxa remained, which we agglomerated
into 150 genera.
The guts of white-faced capuchins at SSR are dominated
by Firmicutes (45.3%, 884 taxa), Actinobacteria (28.8%,
583 taxa), Proteobacteria (9.1%, 823 taxa), and

Seasonality of the gut microbiota of free-ranging white-faced capuchins in a tropical dry forest
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Fig. 2 a Proportion of behavioral group scans in which white-faced capuchin monkeys were observed foraging. b Proportion of foraging group
scans in which the monkeys were observed foraging for fruit. c Shannon Alpha diversities for each sampling bout. Alpha diversity is highest
during the early dry season (SB4). d Plant CBMs across sampling bouts. e Chitin CBMs across sampling bouts. f Ratio of chitin CBMs to plant
CBMs depending on the presence or absence of arthropod fragments in feces. See Fig. 1 for timing of sampling bouts

Bacteroidetes (2.8%) (Figure S2). Trace amounts of Acidobacteria (<0.1%), Planctomycetes (<0.1%), Verrucomicrobia (<0.1%), and others are also present (Table S5). The
ten most abundant genera accounted for 92% of bacterial
abundance in the overall dataset. Bacterial composition was
dominated by the genera Streptococcus (29.8%) and Biﬁdobacterium (23.8%), with lesser contributions from Clostridium XIVa (6.2%), Rothia (6.0%), Megamonas (4.8%),
Olsenella (4.8%), Escherichia/Shigella (4.3%), Lactococcus (2.6%), Lactobacillus (2.2%), and Weissella (1.5%),
ﬂuctuating across sampling bouts (Fig. 3). Among the ten
most abundant genera, signiﬁcant differences in relative
abundances across sampling bouts were observed for
Streptococcus, Biﬁdobacterium, Olsenella, Clostridium
XIVa, Megamonas, and Lactococcus (Table S6).
Gut microbial beta diversity among white-faced capuchin
monkeys displays a signiﬁcant seasonal pattern between
samples collected during the dry (Sampling Bouts 1 and 4)

and wet seasons (Sampling Bouts 2 and 3) (Fig. 4).
A PERMANOVA test of Weighted Unifrac distances indicates that seasonal differences hold both across
(p = <0.0001; R2 = 0.14) and within (GN: p < 0.001,
R2 = 0.17; LV p < 0.001, R2 = 0.20; RM: p < 0.0001,
R2 = 0.21) social groups. Shannon Alpha diversity differed
signiﬁcantly across seasons (Fig. 2c; Table 1), with diversity
increasing from the late dry season, across the wet season,
and into the early stage of the subsequent dry season
(ANOVA; p < 0.001; F = 7.9). Pairwise comparisons
between sampling bouts were signiﬁcant (Tukeys’s HSD)
for Bouts 4 versus 2 (p < 0.001) and 4 versus 3 (p < 0.01).
Changes in ASVs showed clear patterns linked to
environmental variation (both wet versus dry seasons, and
periods of abundant fruit biomass versus fruit scarcity).
We identiﬁed 78 ASVs from 41 genera and 4 phyla with
signiﬁcantly different log2 fold abundance changes (Fig. 5,
Figure S3). During the wet season, when fruit biomass starts
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Fig. 3 Relative abundance
(log10 transformed) of the ten
most abundant genera across
sampling bouts (Dry season: SB
one, four; Wet season: SB two,
three)

to decline, genera of Proteobacteria had signiﬁcant (adjusted
p < 0.001) increases in log2 fold abundance, whereas
members of the Actinobacteria and Bacteroidetes were
signiﬁcantly reduced. Finally, we identiﬁed nine genera as
signiﬁcantly over- or under-represented in fecal samples
that contained arthropod fragments, relative to feces without
evidence of insect exoskeletons (Fig. 5c).
In almost all cases, linear mixed effects models including
rainfall, monthly fruit biomass, and arthropod consumption
substantially outperformed null models. Models with the
greatest predictive value (ΔAICc < 2) and importance values
for individual predictors are presented in Table 1. Rainfall
was an important, but not predominant predictor of microbiome beta diversity (NMDS axes 1 and 2); contribution of
arthropod consumption had a signiﬁcant, but weaker, effect
(axis 2 only). In contrast, models of Shannon Alpha
diversity had a negative association with fruit biomass
abundance and positive association with the consumption of
arthropods (Importance = 0.88; 0.72). For the two most
abundant bacterial genera in the white-faced capuchin gut
microbiome, Biﬁdobacterium and Streptococcus, dietary
composition had differing impacts. For Biﬁdobacterium,
fruit abundance was a positive predictor (importance =
0.99), while rainfall had a (importance = 0.88) negative
effect. In contrast, Streptococcus had a negative relationship
with arthropod consumption (importance = 0.99).
Bacterial genera previously associated with healthful
(Bacteroides, Biﬁdobacterium, Clostridium XIVa, Lactobacillus, and Lactococcus) and harmful (Enterococcus,
Escherichia/Shigella, Haemophilus, Helicobacter, Campylobacter, Pseudomonas, and Streptococcus) effects in the
human and mouse gut microbiome literature did not show
consistent patterns regarding relationships to rainfall or fruit
abundance (Table 1). Biﬁdobacterium, Clostridium XIVa,

Lactococcus, and Bacteroides were predicted by fruit biomass, but directionality was not uniform. No model outperformed the null model for Lactobacillus. Additionally,
Bacteroides had a positive relationship with arthropod
consumption (importance = 0.96), and rainfall was a negative predictor of Biﬁdobacterium. The abundances of
potential bacterial enteric pathogens were associated with a
variety of factors: rainfall (Pseudomonas, Helicobacter),
arthropod consumption (Enterococcus, Escherichia/Shigella, and Streptococcus), and fruit biomass (Campylobacter, Enterococcus, and Haemophilus).

Functional metagenomics
To evaluate metabolic function, we shotgun sequenced
libraries from individuals in each sampling bout. Although
one monkey died before the fourth bout, we included it in
the analysis. It provided three samples—the bulk of the
series. The relative abundance of predicted carbohydrateactive enzymes in the capuchin gut was dominated by
carbohydrate-binding modules (CBM, 63%), with lesser
contributions from the cellulosome complex (15%), glycoside hydrolase (13%), carbohydrate esterases (4%), glycoslytransferase (4%), and polysaccharide lyase (1%)
families (Table S7). We identiﬁed 50 CBMs, of which two
modules, CBM50 (42% of CBMs; 27% of total CAZymes)
and CBM48 (19% of CBMs; 12% of total CAZymes),
composed the majority. The pattern of plant CBM relative
abundance strongly resembles that of capuchin fruit foraging behavior (Fig. 2a, b, d). During the late dry season
(SB1), the amount of both fruit consumption and plant
CBMs is highly variable depending on the individual
sampled, whereas both are contracted during the remainder
of the year (Fig. 2d). In contrast, the relative abundance of
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chitin CBMs varied widely across sampling bouts (Fig. 2e).
We observed a signiﬁcantly (W = 60, p < 0.05) higher ratio
of chitin CBMs to plant CBMs from the samples in which
we were able to observe fragments of arthropods (Fig. 2f).

Discussion
Our results lead us to three main conclusions: (1) rainfall and
(2) diet are associated with the diversity, composition, and
function of the gut microbiome; (3) microbial ﬂuctuations are
likely contributing to nutrient uptake and the health of wild
primate populations. Furthermore, the gut microbiome of our

189

study population differs substantially from that of other freeranging primates [15, 22, 23, 52–57]. At SSR, the white-faced
capuchin gut microbiome is dominated by Streptococcus and
Biﬁdobacterium. While both are common members of primate gut microbial communities, their consistently high
abundances are atypical of what has been observed in other
primates (Figure S4), but methodological differences across
studies should not be ignored. We caution that our study is
observational and limited in its ability to distinguish causality.
Furthermore, not all bacteria taxa are necessarily serving
functional roles for the host and could be selectively neutral.
Future research should include independent metrics of health
and strain-speciﬁc metagenomic assembly.

Fig. 4 Weighted unifrac beta diversity ordinated with canonical correspondence analysis. In a (all capuchin samples) and c (capuchin samples
facetted by social group), solid black points are from the wet season and hollow black points are from the dry season. Samples vary by rainfall
season on Axis 1 and then by sampling bout on Axis 2. b Bacterial ASVs agglomerated by family, with phylum coded by shape, and transformed
by ﬁve to increase clarity. Arrows represent vectors in the direction of increase during each sample bout. During the wet season (SB2 and SB3)
Proteobacteria are more abundant
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Table 1 Results of linear mixed effects models of bacterial abundance, Shannon Alpha diversity, and Weighted Unifrac Beta diversity
Linear mixed effects model
Response

Fixed effects

K

Importance/Slope
Log
likelihood

AICc

ΔAICc Weight Fruit
biomass

Arthropod
consumption

Rainfall

1.00/+

0.39/−

0.43/+

1.00/−

0.66/−

0.27/+

1.00/−

0.72/+

0.23/+

0.99/+

0.33/+

0.88/−

~Fruit

8

−217.78

435.46

0.00

0.31

~Fruit + Rain

9

−216.60

453.61

0.14

0.29

~Fruit + Arthropods

9

−216.72

453.83

0.37

0.26

~Fruit + Rain +
Arthropods

10 −216.10

455.16

1.70

0.13

Campylobacter

~Fruit + Arthropods

9

−226.36

473.10

0.00

0.51

~Fruit

8

−228.44

474.75

1.65

0.22

Clostridium XIVa

~Fruit + Arthropods

9

−168.56

357.55

0.00

0.55

~Fruit

8

−170.74

359.40

1.85

0.22

Lactococcus

~Fruit + Rain

9

−164.20

348.84

0.00

0.61

~Fruit + Rain +
Arthropods

10 −163.78

350.56

1.72

0.26

Haemophilus

~Fruit

8

−233.05

483.97

0.00

0.50

0.89/−

0.25/−

0.27/+

Streptococcus

~Arthropods

8

−181.05

379.96

0.00

0.54

0.23/+

0.99/−

0.31/+

~Rain + Arthropods

9

−180.65

381.68

1.72

0.23

Bacteroides

~Fruit + Arthropods

9

−242.56

505.49

0.00

0.59

0.86/+

0.96/+

0.39/−

~Fruit + Rain +
Arthropods

10 −242.09

507.12

1.63

0.26
0.43/+

0.85/−

0.49/+

Biﬁdobacterium

Escherischia / Shigella

~Arthropods

8

−244.48

506.84

0.00

0.35

~Rain + Arthropods

9

−243.87

508.11

1.27

0.18

~Fruit + Rain +
Arthropods

10 −242.59

508.12

1.28

0.18

~Fruit + Arthropods

9

−244.18

508.73

1.89

0.14

Enterococcus

~Fruit + Arthropods

9

−212.15

444.71

0.00

0.71

0.98/+

0.91/+

0.23/+

Shannon Alpha
Diverisity

~Fruit + Arthropods

9

−55.32

131.05

0.00

0.44

0.72/−

0.88/+

0.29/−

~Arthropods

8

−57.36

132.61

1.56

0.20

~Fruit + Rain +
Arthropods

10 −54.99

132.96

1.91

0.17
0.37/+

0.78/+

0.81/−

0.47/+

0.71/−

0.98/+

NMDS Axis 2

Pseudomonas

~Rain + Arthropods

9

−210.06

−399.74 0.00

0.41

~Fruit + Rain +
Arthropods

10 −210.54

−398.15 1.59

0.19

~Rain

8

−207.89

−397.91 1.83

0.17

~Rain + Arthropods

9

−211.46

443.30

0.00

0.42

~Fruit + Rain +
Arthropods

10 −210.61

444.16

0.86

0.27

~Fruit + Rain

9

−212.23

444.82

1.52

0.20

Helicobacter

~Rain

8

−204.57

427.08

0.00

0.53

0.24/−

0.26/−

0.90/+

NMDS Axis 1

~Rain

8

165.68

−313.48 0.00

0.33

0.41/−

0.52/−

0.84/+

~Rain + Arthropods

9

166.61

−312.85 0.63

0.24

Models with ΔAICc less than two are shown for each response variable. The importance and directionality (slope) of each predictor, as generated
from the AICc weights of all models, are shown at right, with strong predictors (≥0.9) in bold and moderate predictors (0.70–0.89) in italics

Seasonality
Due to an El Niño event, 2014 rainfall was well-below the
annual average, falling in the 20th percentile of 39 recorded
years from SSR [58]. Nonetheless, seasonal rainfall patterns
remained evident, and our hypothesis (1) that rainfall

patterns would be associated with the gut microbiome was
supported. That samples collected during the wet season
(Sampling Bouts 2 and 3) cluster loosely apart from those
collected during the dry season (Bouts 1 and 4) on beta
diversity ordinations (Fig. 4), indicates that non-temporal
factors drive capuchin gut microbiome composition.
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Fig. 5 Log2 fold change in the four dominant phyla in the white-faced capuchin monkey gut microbiome. Each point is a 16S V4 amplicon
sequence variant with a signiﬁcant (adjusted p < 0.001) difference in abundance during a the wet (SB 2 and 3) season and b fruit scarcity (SB 2, 3,
and 4) season. Points are displayed with vertical jitter for clarity. During the wet and low fruit seasons, genera from the Proteobacteria are
signiﬁcantly more abundant, whereas those from the Actinobacteria and Bacteroidetes are reduced. c Signiﬁcantly over and under-represented
bacterial genera from 16S in fecal samples that contained visible fragments of arthropods

The broad relationship with seasonality is further supported
by rainfall being the strongest predictor of a sample’s
position along the ﬁrst NMDS axis in linear mixed models.
Although rainfall is not an important predictor of Shannon
Alpha diversity, it is positively associated with Helicobacter and Pseudomonas, two potential pathogens in the
human and mouse literature [9].
An association between host social behavior and gut
microbial diversity has been reported in several primate
species [15, 18–20]; however, we did not observe any
distinct effect of social group membership. This is evident
in our Beta diversity plots, where points from the different
social groups largely overlap in each sampling bout (Fig. 4),

and the lack of difference in Shannon Alpha diversity
among the three groups (Figure S5). The three social groups
observed at SSR have adjacent territories with highly
similar food resources, which likely acts to minimize
intergroup differences. Future research investigating how
social behavior is associated with the gut microbiota of
capuchins at Sector Santa Rosa is warranted.
The gut microbiota of white-faced capuchins living in the
seasonal forests of SSR have stark compositional differences in comparison to those from a non-seasonal rainforest. Streptococcus and Biﬁdobacterium are far more
abundant in our wild samples than those from other wild
white-faced capuchins in a non-seasonal rainforest, which
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may indicate a strong impact of environment [59]. Furthermore, the rainforest capuchin microbiome is dominated
by Firmicutes 41.6%, Proteobacteria 39.2%, and Bacteroidetes 13.2%, with only trace amounts of Actinobacteria
[59]. At SSR, we observed a comparable amount of Firmicutes, but substantially less Proteobacteria and Bacteroidetes, and a high amount of Actinobacteria. Interestingly,
the log2 fold abundances of ASVs from the latter three
phyla are strongly associated with seasonality (particularly
rainfall) at SSR (Figs. 4b and 5a, b), which could explain
the strikingly high level of Proteobacteria observed in the
wet forest [59]. Future sampling in more climatically typical
years should be pursued to conﬁrm the consistency of these
patterns and assess health impacts. Additionally, microbial
proﬁling of water (and food) sources will help distinguish
whether microbes are more prevalent in the environment
and being differentially ingested, or ﬂuctuating in abundance through internal mechanisms.

Fruit biomass and carbohydrate digestion
Our hypothesis (2) that habitat-wide fruit biomass would be
related to behavior and gut microbiota was also supported.
Sampling Bout 1 occurred during the highest period of
dietary fruit biomass, consistent with previous seasonal
ﬂuctuations [25, 60]. Fruit biomass values aligned with
primate behavior—capuchins spent more time foraging for
fruit during this period. The dietary importance of fruit in
Sampling Bout 1 was also recapitulated by the abundance of
CBMs associated with plant carbohydrate degradation,
indicating that the capuchin gut microbiome is responsive to
ecological and dietary variation. We observed positive
associations between available fruit biomass and several
bacterial taxa. The Lactococcus result is intuitive, as strains
of Lactococcus are established to be involved with sugar
digestion [61]. The role of Enterococcus is less clear,
although at least one strain of E. faecalis (RKY1) has a
commensal role in lactic acid fermentation [62, 63]. Additionally, we found that Bacteroides, although relatively
scarce in the SSR capuchin gut, was positively associated
with fruit biomass. In the human gut, Bacteroides has a role
in polysaccharide digestion of starch glycans, but is more
commonly associated with a proteolytic function [64–66].
Given that many reported effects are strain-speciﬁc, ﬁner
grained taxonomic information in future work may promote
further understanding of these interactions.
Strikingly, the gut microbiome of capuchins at SSR
exhibits a carbohydrate degrading functional proﬁle similar
to that of human hunter-gatherers (enrichment of CBM48
and CBM50), despite resembling westernized humans taxonomically (low alpha diversity, abundant Biﬁdobacteria,
loss/scarcity of Treponema/Succinivibro) [67–69]. The
Hadza, whose diet is rich in complex polysaccharides from
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unreﬁned plant foods have a gut microbiome enriched in
CBM48 and CBM50, which provides functional capacity to
degrade α-glucans and peptidoglycan, but Biﬁdobacterium
is notably under-represented [68–70]. One explanation for
the abundance of Biﬁdobacterium in SSR capuchin guts
may be that it is engaged in the degradation of sugar-rich
(ripe) fruits preferred by capuchins [60]. Fruits rich in sugar
and ﬁber [66, 71] can have a biﬁdogenic effect, and we
observed a clear positive relationship between fruit biomass
and Biﬁdobacterium abundance. Additionally, the dietary
spectrum of capuchins is relatively narrow (almost entirely
fruit and insects) in comparison to the Hadza, who consume
a broader array foods, which might explain the low alpha
diversity of the capuchin gut.

Arthropod consumption and chitin-digestion
Additional evidence in support of the hypothesis (2) that
diet shapes the microbiome in wild monkeys is seen in the
evidence of increased arthropod digestion activity during
periods of fruit scarcity. White-faced capuchins consume
large amounts of arthropods throughout the year, and during
times of fruit scarcity rely on them heavily [30, 33]. Our
results, although observational, suggest that the capuchin
gut microbiome facilitates arthropod consumption. We
observed signiﬁcant associations between arthropod consumption and bacteria with known chitinolytic or proteindegrading functions, including Enterococcus sp., Serratia
marcescens, and Bacteroides [66, 72–74]. From a taxonomic perspective, the capuchin microbiome resembles that
of myrmecophageous mammals and insectivorous plants,
with Streptococcus, Biﬁdobacterium, Lactococcus, Lactobacillus, Sarcina, Serratia, Pseudomonas, and Proteobacteria either being commonplace or associated with
arthropod consumption (Fig. 5c) [12, 59, 75]. However, we
caution that the directionality of these associations is not
uniform, likely because it was not possible to identify the
physical remains of all arthropods in capuchin feces. Future
work including dietary metabarcoding could clarify this
relationship.
Our metagenomics results reveal that the gut microbiome
likely has diverse and important roles for assisting the
digestion of invertebrates. The ratio of chitin degrading to
plant degrading CBMs was signiﬁcantly higher in fecal
samples that contained partially digested arthropods. The
high proportion of invertebrates in the capuchin CAZyome
could explain the abundance of CBM50 in the
capuchin CAZyome. CBM50 has been reported to bind to
the N-acetylglucosamine (GlcNac) present in chitin [76] and
previously shown to function in chitin degradation [77].
Our result—that a dominant module in the capuchin gut
microbiota was CBM50—is consistent with the hypothesis
that the bacterial microbiome has an important role in
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digestion of invertebrate exoskeletons, thus augmenting
capacities of the host genome for acquiring energy and
nutrition from this essential component of their diet [78].
However, given that CBM50 is also involved in polysaccharide digestion and in the breakdown of peptidoglycans, this result warrants further investigation. In vitro
assays may help clarify the relative importance of different
functions in the future.

Health
Capuchins at SSR have been observed with reduced creatinine concentration in their urine at the start of the wet
season, which is associated with reduced muscle mass
during this periods of fruit scarcity [30]. Accordingly, we
were interested in exploring whether aspects of the gut
microbiome composition of white-faced capuchins at SSR
exhibit variation consistent with periods of poor health. We
acknowledge that comprehensive understandings of interrelationships between gut microbiota and health outcomes
are difﬁcult to measure in the wild, and present our results
below with caution.
During periods of fruit scarcity and/or high rainfall, we
observed increased abundances of several genera associated
with human dysbiosis, irritable bowel syndrome, and ill
health (Campylobacter, Enterococcus, Helicobacter, Haemophilis, Pseudomonas, and Streptococcus). This supports
our hypothesis (3) that bacteria previously associated with
healthy gut function in the comparative literature will be
more abundant during periods of high fruit availability
versus periods of fruit scarcity when animals are more
nutritionally stressed [9, 50, 79]. We also observed an
unusually high diversity of Proteobacteria during these time
periods and reductions in Bacteroidetes abundances relative
to Firmicutes, which can be considered a coarse marker of
poor digestive health [80–82]. If these bacteria also have
deleterious health consequences in capuchins, it is possible
that the high abundance of Biﬁdobacterium (and Clostridium XIVa) in the capuchin gut provides a counterbalancing effect in addition to any role in carbohydrate
digestion. The probiotic effects of both genera are well
established in multiple species [51, 83, 84] and might help
maintain gut homeostasis for capuchins. Alternatively, gut
microbial associations with IBS in the white-faced capuchins could be a product of their naturally rapid gut passage
[85]. While IBS is an inﬂammatory state for humans, IBSassociated bacteria might not cause a state of ill health in a
primate with naturally inefﬁcient digestion.
In conclusion, seasonality of rainfall and food availability
is associated with the composition of the white-faced capuchin monkey gut microbiome. Given the inherent difﬁculty of
collecting replicate samples from multiple free-ranging individuals, most studies of free-ranging mammalian microbiota
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are taken as single snapshots in time. Our results demonstrate
that seasonal ﬂuctuations in local ecosystems can correspond
with profound shifts in the composition of a host animal’s gut
microbiome and its corresponding function. We contend that
future studies of free-ranging mammalian microbiota should
account for temporal variation in microbial abundance and
diversity.
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