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Abstract

Mammalian gut microbiomes differ within and among hosts. Hosts that occupy

a broad range of environments may exhibit greater spatiotemporal variation in

their microbiome than those constrained as specialists to narrower subsets of

resources or habitats. This can occur if widespread host encounter a variety of

ecological conditions that act to diversify their gut microbiomes and/or if gener-

alized host species tend to form large populations that promote sharing and

maintenance of diverse microbes. We studied spatiotemporal variation in the

gut microbiomes of three co-occurring rodent species across an environmental

gradient in a Kenyan savanna. We hypothesized: (1) the taxonomic, phyloge-

netic, and functional compositions of gut microbiomes as predicted using

the Phylogenetic Investigation of Communities by Reconstruction of

Unobserved States (PICRUSt) differ significantly among host species;

(2) microbiome richness increases with population size for all host species; and

(3) host species exhibit different levels of seasonal change in their gut

microbiomes, reflecting different sensitivities to the environment. We evaluated

changes in gut microbiome composition according to host species identity, site,

and host population size using three years of capture–mark–recapture data and

351 microbiome samples. Host species differed significantly in microbiome com-

position, though the two species with more specialized diets and higher
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demographic sensitivities showed only slightly greater microbiome variability

than those of a widespread dietary generalist. Total microbiome richness

increased significantly with host population size for all species, but only one of

the more specialized species also exhibited greater individual-level microbiome

richness in large populations. Across co-occurring rodent species with diverse

diets and life histories, large host population sizes were associated both with

greater population-level microbiome richness (sampling effects) and turnover in

the relative abundance of bacterial taxa (environmental effects), but there was

no consistent pattern for individual-level richness (individual specialization).

Together, our results show that maintenance of large host populations contrib-

utes to the maintenance of gut microbiome diversity in wild mammals.
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INTRODUCTION

Populations of species capable of utilizing a variety of
resources or habitats (i.e., “generalists”) tend to be both
widespread and relatively abundant in places where they
occur (Brown, 1984). Compared with generalists, special-
ists tend to have narrower dietary niche breadths, occupy
fewer habitats, and maintain smaller population sizes
that cumulatively cause their populations to fluctuate as
environments change (Brown, 1984). Recently, the mam-
malian gut microbiome has emerged as a determinant of
host nutritional, physiological, and immunological
responses to ecological change (Alberdi et al., 2016;
Trevelline & Kohl, 2022). Because species may harbor
microbiomes that differ in their sensitivity to environ-
mental conditions, anthropogenic impacts on the
microbiomes of wildlife could challenge the survival of
species that are relatively specialized and/or maintain
generally smaller population sizes (Trevelline et al.,
2019). Better understanding of how host–microbiome
interactions are established and maintained could be a
contributing factor in whether and how species survive
environmental change (Voolstra & Ziegler, 2020).

External environmental conditions can both directly
and indirectly influence gut microbiome diversity. As
microbiome diversity reflects the variety of foods that hosts
eat and the external environments they occupy,
microbiome diversity should theoretically be governed by a
balance between two opposing phenomena: intraspecific
competition that minimizes the overlap of resource use
between host individuals (i.e., promotes individual varia-
tion) versus interspecific competition that could promote
specialization by constraining variation along one or more
niche axes (Araújo et al., 2011; Kernaléguen et al., 2015;
Van Valen, 1965). In mammals, external environmental

changes, such as seasonal shifts in temperature or precipi-
tation, may trigger dietary changes that lead to composi-
tionally distinct microbiomes suggestive of a deterministic
diet–microbiome linkage (Baniel et al., 2021; Maurice
et al., 2015). Nonetheless, host–microbiome associations
vary in response to the same ecological changes in ways
that complicate predictions (Kartzinel et al., 2019). As spe-
cialists may vary less in their extent of dietary change than
generalists, it stands to reason that this could constrain
microbiome variability such that specialists have less
diverse or less variable gut microbiomes through time and
space due to their narrower and more constant use of spe-
cific resources (Shipley et al., 2009). Conversely, however,
if populations of relatively specialized species are generally
smaller, more isolated, or otherwise subject to more spatio-
temporally variable environments, then stochastic “sam-
pling effects” may enhance microbiome variability through
time and space (Levins, 1969; Sharpton, 2018). Identifying
how host ecological and demographic variation modifies
host–microbiome interactions would improve the under-
standing of how microbiome diversity is established and
maintained (Brown et al., 2023).

There is an expectation that compositionally similar
gut microbiomes will respond in qualitatively similar
ways as hosts acclimate to similar environmental condi-
tions or respond to similar environmental changes
(Amato et al., 2015; Kartzinel et al., 2019; Reese & Dunn,
2018). However, comparative studies of wild
host–microbiome interactions tend to focus on species- or
population-level differences, such as whether the total or
average level of microbiome diversity in a group differs
significantly across a set of environmental conditions,
and thus may often fail to account for the ways that indi-
viduals within a group may vary (Björk et al., 2022). For
example, if a pair of populations harbor equivalent total
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population-level microbiome diversity, but differ in
individual-level microbiome diversity, then the host
groups necessarily differ in their levels of
among-individual variation. Any individual specializa-
tion in the gut microbiome, much like intraspecific feed-
ing specializations and foraging behaviors, could
constrain how individuals’ ecological interactions vary
through space and time (Araújo et al., 2011; Jesmer et al.,
2020). Performing microbiome studies only at the level of
host population or species can obfuscate crucial variation
among individual microbiomes that may be necessary to
accurately predict how both groups and individuals
respond to change.

Using a comparative time series analysis, we sought to
identify how fine-grained spatiotemporal variation influ-
ences the microbiomes of three co-occurring rodent species
along an environmental gradient in central Kenya: Hinde’s
bush rat (Aethomys hindei), fringe-tailed gerbil (Gerbilliscus
robustus), and pouched mouse (Saccostomus mearnsi).
These host species are ideal for comparison because
they are relatively abundant and widespread, but they
differ in their degrees of omnivory and their demographic
sensitivity to environmental change. To characterize
variation in microbiome composition according to spatial
and environmental conditions, we investigated populations
distributed along a sharp north–south rainfall gradient.
To characterize spatiotemporal variation in microbiomes
within these populations, we investigated associations
between rainfall-driven changes in population size and
microbiome composition over a three-year study period.
We tested three hypotheses: (1) the taxonomic, phyloge-
netic, and PICRUSt-predicted functional compositions of
gut microbiomes differ significantly between host species;
(2) individual- and population-level microbiome richness
levels would be greatest in large populations of all host spe-
cies; and (3) host species would differ in the degree of spa-
tiotemporal turnover in the compositional and predicted
functional characteristics of their gut microbiomes,
reflecting ecological differences in how hosts respond to
rainfall-driven environmental change.

METHODS

Study site and species descriptions

We conducted our study in a semiarid Kenyan savanna
(0�170 N, 37�520 E, 1600-m elevation; Figure 1) within
the Ungulate Herbivory Under Rainfall Uncertainty
(UHURU) experiment. Located at the Mpala Research
Centre, UHURU was established in 2008 (Alston et al.,
2022; Goheen et al., 2013, 2018; Kartzinel et al., 2014),
consisting of three sites (“north,” “central,” and

“south”), separated by 20 km. At each site, there are
three blocks containing a 1-ha ungulate exclusion plot
that excludes all animals >5 kg and a 1-ha control
plot that permits access to all ungulates. Each plot con-
tains a 7 × 7 grid of 49 permanent stakes with 10-m
spacing that we use as reference points for vegetation
and small mammal surveys. We monitor understory
vegetation twice a year (February/March: dry season;
October: wet season) using the canopy intercept
method, and we survey small mammals every two
months for four nights by setting peanut butter baited
Sherman traps at each stake. Long-term, over the
course of 12 years, understory density has been 3×
higher and small mammal richness 7× greater in exclu-
sion plots than in control plots (Alston et al., 2022;
Kartzinel et al., 2014). From 2015 to 2018 (the course of
this study), mean annual precipitation increased from
500 mm/year in the north to 532 mm/year in central,
and to 539 mm/year in south, consistent with
long-term trends in which both rainfall and plant bio-
mass increase from north to south (Alston et al., 2022).
Over the course of our study, mean understory density
was greater in the south (549 pin hits per plot) than in
the central (328) and north (344) sites (Alston et al.,
2022). Historical differences in plant biomass between
north and central sites have been converging since
2014, but the south has consistently maintained the
highest understory biomass (Alston et al., 2022;
Goheen et al., 2013).

Host populations

Our comparative analysis is based on the three most
abundant and widespread rodent species in the
UHURU experiment: S. mearnsi (Nesomyidae), A. hindei
(Muridae), and G. robustus (Muridae; Alston et al., 2022).
We estimated population sizes within each of the 18 study
plots (9 ungulate exclusion plots, 9 control) across 17 trap-
ping bouts (2015–2018; Figure 1). Individuals were
counted using a capture–mark–recapture method in
which rodents were marked with an ear tag upon initial
capture (Alston et al., 2022; Brown et al., 2023; Goheen
et al., 2013). Population sizes were estimated using
capture–mark–recapture data for each species (Alston
et al., 2022; Goheen et al., 2013), calculated in a Huggins
robust design model framework using RMark in R
(Laake, 2013; R Development Core Team, 2021). We
summed population size across the three replicate plots
of each treatment (i.e., ungulate exclusion or control)
within each of the three sites.

For each host species, we compared three measures
of demographic and niche variation: population
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F I GURE 1 Spatiotemporal variation in host population size, distribution, and resource use with respect to variation in rainfall.

(A) Comparison of mean population size and site occupancy of the three host species through time, with bars representing SE. (B) Carbon

(δ13C) and Nitrogen (δ15N) isotope values of host species included in our analysis. (C) Map of Mpala Research Centre showing the three

study sites (north, central, and south). (D–F) The mean 30-day cumulative rainfall across each of the three replicate study plots across each

of the three sites revealed similar timing of seasonal variation. (E–G) The population sizes of each host species at each site were estimated

using RMark based on the total capture history of individuals across the three replicate plots at each site. We quantified spatiotemporal

correlations between each of these aspects of host ecology (and their coefficients of variation; Appendix S1: Figure S1).
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abundance (population size per site and, hence, popula-
tion density), occupancy (the number of plots in which
each species was trapped in each sampling bout, out of
all 18 plots), and the extent to which species’ diets
overlapped based on blood plasma carbon (δ13C) and
nitrogen (δ15N) stable isotopes values. To compare sea-
sonal variation in abundance and occupancy, we calcu-
lated the coefficient of variation of population size and
plot occupancy across repeated trapping bouts
(Appendix S1: Figure S1). To compare δ13C and δ15N iso-
tope values, data generated in a prior study that consid-
ered species-level variation in resource use from these
and other host species in this same study system were
used (Brown et al., 2023). Briefly, we used a Costech 4010
elemental analyzer coupled with a (1) Thermo Finnigan
Delta plus XP isotope ratio mass spectrometer at the
University of Wyoming Stable Isotope Facility (Laramie,
WY), or (2) Thermo Fisher Delta V isotope ratio mass
spectrometer at the University of New Mexico Centre for
Stable Isotopes (Albuquerque, NM). Isotope data were
reported as δ13C or δ15N = 1000 × ([Rsample − Rstandard/
Rstandard] − 1), where Rsample and Rstandard are the

13C/12C
or 15 N/14 N ratio of samples and standards, respectively.
Laboratory reference materials were calibrated to the
internationally accepted standards Vienna Pee Dee
Belemnite limestone (V-PDB) and atmospheric nitrogen
(AIR), respectively, with units expressed in parts per
thousand (‰). Analytical precision was calculated as the
mean within-run SD of reference materials, which was
±0.2‰ for both δ13C and δ15N values. These data showed
that A. hindei and S. mearnsi were relatively specialized
on C3 vegetation compared with G. robustus, which con-
sumed a comparatively broad mixture of C3 and C4 vege-
tation and exhibits more omnivory (Figure 1;
Appendix S1: Figure S1; Brown et al., 2023). We tested
for significant differences between host species in all host
demographic and dietary metrics using ANOVA followed
by Tukey’s honestly significant difference test.

To identify links between rainfall and resource
availability, we investigated cross-correlations between
rainfall, population size, and population growth rate.
We found moderate to strong correlations between
population growth rate and population size in each
site–treatment combination of plots and across all host
species at each bout during the study period
(Appendix S1: Figure S2). The positive correlations
between the estimated population sizes and
corresponding population growth rates indicated that
we sampled large populations when they tended to
have experienced recent population growth, whereas
we sampled small populations when they tended to
have recently experienced population decline
(Appendix S1: Figure S2). Correlations confirmed that

relatively high levels of recent rainfall were correlated
with relatively large population sizes, such that the
largest populations tended to be sampled from more
mesic sites following seasonal precipitation
(Appendix S1: Figure S2). We therefore chose to use
population size as an informative ecological predictor
of the combined effects that seasonal variation in the
local environment (i.e., rainfall, habitat characteristics,
resource availability, predation risk) and the local host
population (i.e., population size, growth rate, density,
social interactions) may have on the richness and com-
position of gut microbiomes.

Microbiome sample collection

We collected fecal (gut) microbiome samples during a
subset of 10 sampling bouts between July 2015 and
January 2018 (Figure 1; see tab. S1 in Dryad Repository;
Brown et al., 2024). Whenever possible, we collected
fecal samples directly from animals captured in
Sherman traps by allowing them to defecate into dispos-
able plastic bags. If an animal did not defecate and a
fresh fecal sample was available in the trap, we col-
lected that sample for analysis. To reduce
cross-contamination of fecal samples between animals
caught on different nights, we removed fecal pellets and
food from traps daily, and traps were washed with
detergent between bouts. To preserve fecal DNA, we
transferred fecal samples to lysis tubes containing Zymo
Xpedition buffer and homogenized the sample by
vortexing for at least 30 s before freezing it. To extract
DNA, we used Zymo Soil/Fecal mini kits in a laboratory
that included separate pre- and post-PCR rooms and
equipment. To monitor for contamination, we included
an extraction blank treated identically to fecal samples;
this blank, which did not contain any sample, was
included whenever we performed extractions.

Microbiome sequencing and analysis

We used amplicon sequencing of bacterial 16S rRNA to
profile gut microbiomes in our study. We generated
amplicons of the V4-hypervariable region of 16S using
primers 515f and 806r (Walters et al., 2016). Amplicons
were normalized in concentration, pooled, quality
checked using Qubit and Bioanalyzer, and then
sequenced on a 2 × 250 bp paired-end Illumina MiSeq
run using a v2 500-cycle reagent cartridge. In addition to
amplicons from fecal DNA, we sequenced the amplicons
of extraction blanks and PCR controls to evaluate accu-
racy and screen the resulting data for potential
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contaminants. In total, we obtained data from 351 fecal
samples in addition to PCR-negative controls (N = 5),
PCR-positive controls (ZymoBIOMICS Microbial
Communities, No. D6305; N = 5), and extraction blanks
(N = 8). Our 351 microbiome samples represented 25–52
samples per site per species through time (median = 40),
291 (83%) of which were obtained from unique individ-
uals and 59 of which were from 28 individuals that were
sampled two to four times during the study period. A
total of 45,238,720 Illumina sequence reads were
obtained prior to filtering (median = 120,338 per
sample).

Our strategy to generate data on the relative abun-
dance of bacterial taxa included bioinformatic processing
and taxonomic assignments of amplicon sequence vari-
ants (ASVs). We removed primer sequences and trun-
cated reads to 213 bp using DADA2 (Callahan et al.,
2016) in R. We ran the DADA2 sequence-variant algo-
rithm (i.e., dadaFs/Rs) on dereplicated sequences with
their assigned error rates before merging forward and
reverse sequence reads into ASVs. We then assigned tax-
onomy to resulting ASVs by comparing them to SILVA
version 132 (Quast et al., 2013) using the Bayesian algo-
rithm in QIIME2 (Bokulich et al., 2018; Thompson et al.,
2017). We screened for potential contaminants by com-
paring observed and expected ASVs in the mock commu-
nity samples and removed them from all samples prior to
further analysis (Brown et al., 2023). After filtering
ASVs to remove contaminants, mitochondria, chloro-
plasts, and taxa other than bacteria (Eukarya and
Archaea), the dataset retained 23,606,045 sequences
(median = 64,720 per sample) representing a total of
12,770 ASVs. We constructed a bacterial phylogeny tree
to calculate UniFrac distances by aligning ASVs using
MAFFT (Katoh, 2002) then building the phylogeny
using FastTree (Price et al., 2009) in QIIME2. To enable
microbiome diversity and composition comparisons, we
rarefied samples to a depth equal to the sample with the
fewest remaining reads (N = 11,501 reads/sample) pro-
ducing a final dataset that contained 11,055 ASVs
(Appendix S1: Figure S3).

We quantified taxonomic, phylogenetic, and predicted
functional differences in host microbiomes. We calcu-
lated taxonomic differences using Bray–Curtis dissimilar-
ity and calculated phylogenetic differences using
weighted and unweighted UniFrac metrics (weighted
considers the relative abundance of each ASV;
unweighted considers only presence/absence of each
ASV). We predicted functional variation among
microbiomes using PICRUSt2 (Douglas et al., 2020). To
construct a PICRUSt2 dataset, we aligned ASVs to a ref-
erence tree consisting of marker genes from 41,926
known archaeal and bacterial genomes that were

dereplicated to 20,000 16S rRNA gene clusters. Based on
the abundance of each ASV in each sample, the gene
family copy numbers were used to calculate MetaCyc
pathway abundances. We added the corresponding
MetaCyc functional descriptions and rarefied the
resulting pathway abundance table to the lowest number
of pathways per sample. We used the resulting dataset to
calculate pairwise Bray–Curtis dissimilarity of
PICRUSt-predicted functional characteristics of bacteria
between samples.

We quantified microbiome richness at both the indi-
vidual and population levels. Individual-level richness
was calculated as the total number of ASVs per sample.
To quantify total population-level richness, we used
sample-based rarefaction using samples collected during
each sampling bout at each site for which we obtained
microbiome data from three or more individuals using
iNterpolation and EXTrapolation (iNEXT; Hsieh et al.,
2016). We performed a sample-based rarefaction using
the bacterial richness value from samples collected dur-
ing each bout at each of the three sites when microbiome
data were available for three or more samples. To facili-
tate comparison of bouts and sites for which we obtained
different numbers of samples, we based comparisons on
species-accumulation curves at values equivalent to nine
samples per site. The output from this analysis provided
a single population-level bacterial richness value for each
species at each location during each bout.

Hypothesis testing

To test Hypothesis 1, which was that microbiomes consis-
tently differed among host species in taxonomic, phyloge-
netic, and functional compositions, we evaluated variation
in the (1) Bray–Curtis taxonomic dissimilarity,
(2) unweighted UniFrac, (3) weighted UniFrac, and
(4) PICRUSt2-predicted functional dissimilarity among all
samples. We tested for significant differences among host
species using both global and pairwise permutational multi-
variate analysis of variance (PERMANOVA) with 999 per-
mutations in vegan (Anderson & Walsh, 2013; Martinez
Arbizu, 2017; Oksanen et al., 2017). Bout was included
as a random effect in all models. We also tested for sig-
nificant differences in interindividual variation using a
multivariate homogeneity of group dispersion analysis
using betadisper in vegan, with 999 permutations. To
visualize microbiome variation across the four metrics,
we performed principal coordinate analysis (PCoA).
We performed differential abundance analysis of
predicted functional pathways between host species
using Songbird, which quantifies the log ratios of
predicted microbial functions within host groups
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(Morton et al., 2019). We selected the top 10 predicted
functional pathways from each pairwise comparison of
host species and performed a Wilcoxon test to test
whether the magnitude of log ratios for these pathways
was significantly different between pairs. A significant
difference would suggest that one species has stronger
seasonal associations with its top 10 predicted func-
tional pathways than the other. To facilitate further com-
parisons of spatiotemporal variation in microbiome
composition among host species, we then subset our
data to include only samples from the ungulate exclu-
sion plots of the UHURU experiment for comparative
analyses because all three host species were regularly
trapped and sampled from this subset of plots, enabling
both intra- and interspecific comparisons through time
and across sites (i.e., north, central, south; Table 1;
Alston et al., 2022).

To test our second hypothesis (that spatiotemporal
variation in population size is correlated with
microbiome richness), we focused on samples collected
from the exclusion plots (N = 294) and compared
microbiome richness at two scales: (1) fecal samples from
individuals, and (2) total population-level richness

whenever ≥3 samples were available to enable reliable
estimation at each site and bout. At each scale, we
performed linear mixed modeling with microbiome rich-
ness as the response variable and model predictors that
included population size, site, and the population
size × site interaction, with collection bout representing a
random intercept to account for repeated sampling of
populations through time, in the package lme4 in R
(Bates et al., 2015).

We tested our third hypothesis (that host species
would differ in their degree of spatiotemporal variation
in microbiome composition) by investigating population
size and site as drivers of microbiome variation among
samples collected from exclusion plots (N = 294). For
each host species, we investigated spatiotemporal varia-
tion in microbiome composition using PERMANOVA
and dispersion analyses involving all four compositional
metrics: (1) Bray–Curtis, (2) unweighted, and (3) weighted
UniFrac metrics, and (4) predicted functional differences
based on PICRUSt2. Our PERMANOVAs evaluated vari-
ation based on population size, site, and the
population × site interaction with 999 permutations.
Bout was included as a random effect for all models. Our

TAB L E 1 Microbiome sampling and richness data.

Species Site Treatment

Population size

N

Individual richness Population richness

Mean SD Mean SD Mean SD

Aethomys hindei North Control 0 0 0

North Exclusion 10 7 34 421 98 2012 154

Central Control 1 1 1 493

Central Exclusion 17 7 32 481 122 2007 276

South Control 1 1 1 743

South Exclusion 31 11 39 513 114 2394 317

Gerbilliscus robustus North Control 3 3 12 473 100 1835

North Exclusion 9 7 30 478 144 2015 227

Central Control 6 6 24 451 117 1884 123

Central Exclusion 11 5 28 440 108 1670 257

South Control 6 4 10 471 86 1869 0

South Exclusion 18 8 34 470 111 2140 408

Saccostomus mearnsi North Control 0 0 0

North Exclusion 8 7 25 518 118 1682 461

Central Control 0 1 2 454 74

Central Exclusion 10 6 37 514 113 2058 222

South Control 2 2 7 494 153

South Exclusion 17 9 35 524 147 2146 361

Note: For each host species, site, and treatment combination, we report the mean host population size with SD, the number of samples analyzed (N), the mean
ASV richness per sample per bout with SD, and the mean population-level ASV richness per bout with SD. Averages were calculated when N > 1; totals
when N > 2.
Abbreviation: ASV, amplicon sequence variant.
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analyses of interindividual variation within each host
species involved calculating the distance of each sample
to the multivariate centroid of the points representing
each species’ microbiome using betadisper. We then
performed linear mixed modeling using this centroid dis-
tance as the response variable together with population
size, site, and population size × site interaction as predic-
tor variables and sampling bout as a random intercept.

To identify bacterial ASVs that may have contributed
strongly to the overall patterns of spatiotemporal varia-
tion in the microbiomes of each host species, and to com-
pare the strength of spatiotemporal turnover in ASVs
within host populations, we used multinomial regression
to identify ASVs associated with high or low population
densities across sites. We conducted this analysis by
defining categorical groupings of high and low host popu-
lation sizes for each host species at each site. The high
and low categories were based on the median population
size of each host species at each site: A. hindei (north 14;
central 18; south 35), G. robustus (13; 11; 20), and
S. mearnsi (11; 10; 16). Using the multinomial regression
method implemented in Songbird (Morton et al., 2019),
we identified the log-fold ratio of ASVs between periods
of high and low population size at each site for each spe-
cies. The log ratio was used to rank ASVs from the most
to least sensitive to changes in population size. The
regression model utilized unrarefied ASV count data after
removing ASVs that were present in <0.1% of samples.
We ran separate models for each host species at each site
with a differential prior of 0.5 and 10,000 epochs. We
identified the top 10 differentially ranked ASVs associ-
ated with both high and low population sizes as the most
sensitive to changes in population size (Morton et al.,
2019). We tested for significant differences in the magni-
tude of the log ratios of the top 10 ASVs between high
and low population sizes at each site for each species
using Wilcoxon tests.

RESULTS

Host ecology

We compared host species based on demographic and
dietary sensitivities to spatiotemporal variation. The aver-
age population size for A. hindei was 1.5-fold greater than
that for S. mearnsi. The average population size of
G. robustus was intermediate between the two (Table 1;
Figure 1; Appendix S1: Figure S1). The coefficient of vari-
ation for population size through time did not differ sig-
nificantly between A. hindei and S. mearnsi, which both
had values that were approximately 1.7-fold greater than
for G. robustus (Appendix S1: Figure S1). Throughout the

study period, G. robustus occupied an average of 13 plots;
A. hindei and S. mearnsi both occupied an average of
9 out of 18 plots (Figure 1; Appendix S1: Figure S1; see
tab. S2 in Dryad Repository; Brown et al., 2024). Both
A. hindei and S. mearnsi had broadly overlapping dietary
niches, with low and overlapping δ15N and δ13C values
indicative of a plant-based diet and similar consumption
of C4-grasses in their primarily C3-plant diets (Figure 1;
Appendix S1: Figure S1). In contrast, G. robustus
exhibited a wider dietary breadth, with δ13C indicative of
diets incorporating a mixture of C3 and C4 plants, and
higher δ15N values that suggest a greater degree of tro-
phic omnivory (Figure 1; Appendix S1: Figure S1). In
sum, S. mearnsi and A. hindei populations were more
sensitive to rainfall than G. robustus, which had a rela-
tively generalized omnivorous diet and less variability in
population size (Appendix S1: Figure S1).

Microbiome data

The relative read abundance (RRA) of microbiome
sequences reflected a predominance of Firmicutes
and Bacteroidetes for A. hindei (mean = 60% ± 0.10
and 28% ± 0.08 per sample, respectively), G. robustus
(55% ± 0.12 and 32% ± 0.10), and S. mearnsi (66% ± 0.09
and 25% ± 0.08). Out of all ASVs, a total of 10,173 (92%)
were assigned to a pathway using PICRUSt2, and these
reflected at least 292 predicted pathways based on the
MetaCyc database. The weighted Nearest Sequenced
Taxon Index (NSTI), which measures the phylogenetic
distance of an ASV to the reference genomes available
for functional analysis, was similar across datasets
from all three host species and facilitated pairwise com-
parisons (A. hindei mean = 0.1, range = 0.1–0.2, ±0.02
SD; G. robustus mean = 0.1, range = 0.1–0.2, ±0.02 SD;
S. mearnsi mean = 0.1, range = 0.06–0.2, ±0.02 SD).
Each of the remaining 19 bacterial phyla represented a
mean of <5% RRA per sample across all host species
(Appendix S1: Figure S4). Pairwise comparison of the top
10 predicted functional pathways between host species
showed that the gut microbiome of G. robustus, the
widespread omnivore, had substantially more predicted
functional dissimilarity to the microbiomes of both
other host species than did comparisons between the
microbiomes of these two relatively specialized herbi-
vores (Appendix S1: Figure S5). Similar sets of predicted
pathways were enriched in the microbiomes of these two
herbivores when compared with G. robustus: carbohy-
drate biosynthesis, isopropanol biosynthesis, and aro-
matic compound degradation (Appendix S1: Figure S5).
Amino acid degradation pathways were more enriched in
G. robustus when compared with the two herbivores and
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represented 4 of the top 10 enriched pathways when
compared with A. hindei and S. mearnsi. When the
predicted functional pathways of microbiomes in the two
herbivores were compared, amino acid and aromatic
compound degradation pathways were enriched in
S. mearnsi (suggesting a diet with more plant secondary
defense compounds), while carbohydrate biosynthesis
and inorganic nutrient metabolism were enriched in
A. hindei (suggesting a diet with more readily available
glucose; Appendix S1: Figure S5).

Hypothesis testing

Consistent with our first hypothesis, each host species
exhibited strong and significant differences in
microbiome composition based on all four metrics
(Figure 2). The weighted UniFrac metric that accounts
for variation in the relative abundance of bacterial line-
ages revealed significant, yet slightly weaker differences
in microbiome composition compared with the other tax-
onomic and phylogenetic metrics, indicating broadly sim-
ilar ratios of major bacterial lineages in each species’
microbiome (i.e., predominance of Firmicutes and
Bacteroidetes; Figure 2; Appendix S1: Figure S4). At a
finer taxonomic grain, however, the Bray–Curtis dissimi-
larity of ASVs and unweighted UniFrac revealed strik-
ingly different gut microbiomes among all host species
(Figure 2). For both Bray–Curtis dissimilarity and
unweighted UniFrac, the two herbivorous species,
A. hindei and S. mearnsi, had more similar microbiomes
to each other than to the omnivore G. robustus (measur-
ing 1%–3% more similar, depending on metric, and clus-
tering to the left along PCoA Axis 1; Figure 2A–C; see
tab. S15 in Dryad Repository; Brown et al., 2024). Species
identity also explained significant variation in the
predicted functional pathways of each host species’
microbiome, and the first two axes of the PCoA
accounted for a relatively high % of variation compared
with other metrics (Figure 2G). Specifically, the two her-
bivorous species had more similar predicted function pro-
files to each other (mean Bray–Curtis dissimilarity =

0.09) than to the omnivorous G. robustus (mean
Bray–Curtis dissimilarity = 0.11 vs. A. hindei; 0.12
vs. S. mearnsi; see tab. S16 in Dryad Repository; Brown
et al., 2024). Yet, while the extent of interindividual varia-
tion in gut microbiome composition differed among host
species based on the identities of bacterial taxa they
included, there was no difference in the degree of
interindividual variation of predicted functional path-
ways among host species (Figure 2H). Thus, despite
hosting similar lineages of gut bacteria (Figure 2;
Appendix S1: Figure S4), these co-occurring rodent

species exhibited fine-grained differences in the taxo-
nomic and predicted functional composition of their
microbiomes—all of this diversity was distributed
broadly among hosts within species.

Consistent with our second hypothesis, there was a
significant and positive correlation between host popula-
tion size and population-level microbiome richness
(Figure 3). At the population level, microbiome richness
varied significantly with population size, site, and the
population size × site interaction for all three host species
(Figure 3A–C). However, there was no strong or consis-
tent correlation between the richness of individual
microbiome samples and population size or site
(Figure 3D–F). Only A. hindei exhibited the predicted sig-
nificant overall increase in individual-level microbiome
richness with population size, but this pattern was com-
plicated by a population size × site interaction in which
individual microbiome richness declined with population
size at the xeric northern site (there was a similar, but
not statistically significant interaction for the generalist
G. robustus; Figure 3D–F). Larger populations thus col-
lectively harbored more gut bacterial ASVs in all three
host species, but the proportion of these ASVs that were
held within individuals varied.

Results did not generally support our third hypothe-
sis, that host species would differ in the degree of turn-
over in their gut microbiomes in ways that reflect
differences in host sensitivity to environmental change.
Both A. hindei and S. mearnsi exhibited substantial varia-
tion in site occupancy due to environmental variation as
well as more specialized diets than the widespread gener-
alist G. robustus (Figure 1), but their microbiomes did not
exhibit an obviously greater degree of spatiotemporal var-
iability (Figure 4; Tables 2 and 3; Appendix S1:
Figure S6). The more environmentally sensitive species,
A. hindei and S. mearnsi, and the generalist species,
G. robustus, exhibited idiosyncratic patterns in all four
metrics of microbiome composition according to varia-
tion in population size, site, and the population size ×
site interaction (Figure 4; Tables 2 and 3). There were sig-
nificant differences in microbiome composition according
to population size across all taxonomic and phylogenetic
metrics for A. hindei, but no significant differences in
predicted functional pathways (Figure 4; Tables 2 and 3).
In contrast, S. mearnsi exhibited significant differences in
microbiome composition according to population size
based on Bray–Curtis, and unweighted UniFrac and
G. robustus exhibited significant differences only in taxo-
nomic composition measured by Bray–Curtis according
to population size (Figure 4; Tables 2 and 3). The relative
abundance of the top 10 most responsive bacterial ASVs
to changes between high and low population sizes
revealed similar log-fold magnitudes of change for all
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F I GURE 2 Taxonomic, phylogenetic, and predicted functional variation in microbiomes of each host species. Principal coordinate

analyses (PCoAs; left) and dispersion analyses (right) are presented for (A, B) Bray–Curtis dissimilarity, (C, D) unweighted and (E, F)

weighted UniFrac metrics, and (G, H) Phylogenetic Investigation of Communities by Reconstruction of Unobserved States

(PICRUSt)-predicted functional pathways. Ordination axes are labeled according to the % variation they represent. Significant differences in

composition among host species were evaluated using permutational multivariate analysis of variances, which are reported in standard

notation to include pseudo-F values, df, R 2 values, and p values. Boxplots show interindividual dispersion values for each host species:

central lines represent medians; upper and lower whiskers show inter-quartile ranges; points are outliers. Significant differences in

dispersion among host species were evaluated by ANOVAs, which are reported in standard notation to include F values, df, and p values.
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three species (Appendix S1: Figures S7–S9). The bacterial
taxa that were most sensitive to population size varied across
sites and host species: each host species showed differen-
tially abundant ASVs belonging to the phyla Bacteroidetes,
Firmicutes, Tenericutes, and Verrucomicrobia, but A. hindei

and S. mearnsi were the only species to harbor especially
sensitive ASVs belonging to the phylum Actinobacteria
(Appendix S1: Figures S7–S9). The spatiotemporally sensi-
tive Actinobacteria associated with A. hindei belonged to a
different order (Coriobacteriales) than those associated with

Aethomys hindei
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F I GURE 3 Spatiotemporal variation in microbiome richness across host species. Correlations show (A–C) total population-level
microbiome richness and (D–F) individual-level microbiome richness as a function of population (“pop.”) size, site, and the population

size × site interaction. Sampling bout was included as a random effect in the models. Separate lines are fit for the north, central, and south

sites for all comparisons with significant differences (A–D).
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F I GURE 4 Spatiotemporal variation in microbiome composition by host species. Principal coordinate analyses (PCoAs) ordinations of

microbiome data from each host species show (A–C) Bray–Curtis dissimilarity of bacterial ASVs, (D–F) unweighted UniFrac, (G–I) weighted
UniFrac, and (J–L) Bray–Curtis dissimilarity of Phylogenetic Investigation of Communities by Reconstruction of Unobserved States

(PICRUSt)-predicted functional pathways. Ordination axes are labeled according to the percentage of variation they represent. Host species

are arranged in columns: A. hindei (left), G. robustus (center), and S. mearnsi (right). Different point shapes denote each of the three study

sites (i.e., north, central, and south), with 95% confidence ellipses. Corresponding permutational multivariate analysis of variance

(PERMANOVA) results are shown in Tables 2 and 3, and analyses of dispersion are shown in Appendix S1: Figure S6.
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S. mearnsi (Bifidobacteriales), both of which may be associ-
ated with saccharolytic functions.

DISCUSSION

Our study documented variation in the gut microbiomes
of co-occurring and functionally distinct rodent species.
In support of our first hypothesis, interspecific differences
in microbiome composition were strong and consistent
against the backdrop of rainfall-driven population size
fluctuations (Figure 2). Unexpectedly, we found only par-
tial support for our second hypothesis: increases in host
population sizes were strongly and consistently associ-
ated with greater levels of microbiome diversity, but each
host species differed in the degree to which this diversity
was partitioned among individuals (Figure 3). We only
found a significant positive correlation between
individual-level microbiome richness and population size
for A. hindei, despite observing significant positive corre-
lations between overall microbiome richness and popula-
tion size for all three host species (Figure 3). Because
total microbiome diversity increased with population size
without a concomitant increase in individual-level

microbiome diversity for both G. robustus (the generalist)
and S. mearnsi (a specialist), these host species must have
exhibited an increase in among-individual variation. The
data also revealed evidence contrary to our third hypoth-
esis, because neither of the specialist species (A. hindei
and S. mearnsi) exhibited substantially different levels of
spatiotemporal turnover in microbiome composition
compared with the widespread generalist G. robustus
(Figure 4; Tables 2 and 3; Appendix S1: Figure S6). Our
community-level analysis thus revealed that microbiomes
vary with respect to space and time for the three host spe-
cies, but they varied in ways that did not align with the
axes of dietary generalism and specialism or the changes
in population density that have become so prominent as
predictor variables in recent studies of host–microbiome
interactions.

Whereas the phylogenetic relatedness of host species
is generally strongly predictive of mammalian gut
microbiome similarity at global scales (Mallott & Amato,
2021), we found substantially greater microbiome simi-
larity between the two host species from different rodent
families that exhibited overlapping isotopic dietary niches
and site occupancies (S. mearnsi, Nesomyidae and
A. hindei, Muridae) compared with the two confamilial

TAB L E 2 Permutational multivariate analysis of variance (PERMANOVA) testing the effects of population size, site, and the

population size × site interaction on microbiome community measured using Bray–Curtis dissimilarity and unweighted and weighted

UniFrac distances.

Variable df

Bray–Curtis Unweighted UniFrac Weighted UniFrac

Pseudo-F R 2 p Pseudo-F R 2 p Pseudo-F R 2 p

Aethomys hindei

Population size 1 2.4 0.02 0.001 2.3 0.02 0.001 2.6 0.02 0.002

Site 2 1.9 0.04 0.001 1.9 0.03 0.001 1.7 0.03 0.017

Population size × site 2 1.2 0.02 0.023 1.2 0.02 0.003 1.4 0.03 0.125

Residual 99 0.92 0.92 0.92

Total 104 1 1 1

Gerbilliscus robustus

Population size 1 1.3 0.01 0.039 1.2 0.01 0.099 0.9 0.01 0.664

Site 2 2.2 0.05 0.001 2.3 0.05 0.001 2.7 0.06 0.001

Population size × site 2 1.5 0.03 0.002 1.5 0.03 0.003 1.7 0.04 0.124

Residual 86 0.91 0.91 0.9

Total 91 1 1 1

Saccostomus mearnsi

Population size 1 1.7 0.02 0.015 2.0 0.02 0.001 1.7 0.02 0.221

Site 2 3.1 0.06 0.001 3.1 0.06 0.001 3.1 0.06 0.001

Population size × site 2 1.3 0.03 0.009 1.1 0.02 0.439 1.1 0.02 0.489

Residual 91 0.9 0.9 0.9

Total 96 1 1 1

Note: Corresponding analyses of dispersion are shown in Appendix S1: Figure S6.
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species with divergent ecologies (G. robustus and A.
hindei, both Muridae; Brown et al., 2023). Yet, despite
observing significant spatiotemporal differences in
overall microbiome richness and composition for all
three host species, we did not find overwhelming evi-
dence that the underlying similarity of host
microbiomes generally promotes a qualitatively simi-
lar response of the microbiome to ecological changes
through space and time. Commonalities in the pat-
terns that emerged from these host–microbiome
interactions—such as consistently strong increases in
population-level microbiome richness with population
size and similarities between microbiomes of distantly
related herbivores—occurred despite substantial dif-
ferences in how bacterial diversity was distributed
among host individuals.

The composition of an individual’s microbiome repre-
sents a small slice of the total microbial diversity
represented by the whole population. When the total
microbial diversity of a population expands, host individ-
uals may contribute to this expansion either by increas-
ing their internal diversity in similar ways or by

exhibiting increasingly nonoverlapping gut microbiomes
(Araújo et al., 2011). G. robustus, on average, occupied
more plots, maintained a broader dietary niche, and
exhibited less variable population sizes in response to
rainfall compared with both A. hindei and S. mearnsi, but
surprisingly its populations did not exhibit greater overall
microbiome richness. Instead, G. robustus and the latter
two host species exhibited similar total levels and rates of
increase in population-level microbiome richness with
population size, but only A. hindei exhibited enhanced
individual-level microbiome richness in large and grow-
ing populations. This suggests that individual A. hindei
microbiomes expanded in relatively similar ways as
populations grew. By contrast, microbiomes of the two
other host species did not exhibit a concomitant increase
in individual-level richness with population size,
suggesting that individuals occupied increasingly
nonoverlapping niches in high-density populations and
thus harbored increasingly unique fractions of the
population’s total diversity. Other studies of wild mam-
mals have found increases in individual microbiome
diversity during periods of resource abundance and
nutritional quality that would contribute to population
growth (Amato et al., 2015; Baniel et al., 2021; Ren et al.,
2017), yet our comparative analyses suggest that there
may not generally be a monotonic relationship between
individual- and population-level diversity as populations
grow. The extent to which individualistic responses con-
tribute to the total niche width of populations has been a
topic of significant interest in recent studies of resource
use (Tinker et al., 2012), habitat occupancy (Newsome
et al., 2015), and animal movement (Hertel et al., 2020)—
similar investigations of how total microbiome diversity
is partitioned among individuals could contribute to a
more general understanding of how microbiome diversity
is established and maintained in wildlife populations
as well.

Comparisons of bacterial taxonomic, phylogenetic,
and predicted functional composition can reveal func-
tional redundancy within and among microbiomes. Our
data revealed variation in the taxonomic richness and
composition of microbiomes with relatively little con-
comitant variation in the predicted functional pathways
associated with each microbiome (Figures 2–4; Tables 2
and 3; Appendix S1: Figure S5). This suggests
microbiomes exhibited functional redundancy that may
have enabled hosts to maintain similar physiological pro-
cesses in their digestive tracts when turnover in bacterial
taxa occurred (Moya & Ferrer, 2016). Some of this consis-
tency may have arisen from functions attributed to the
two predominant phyla (Firmicutes and Bacteroidetes;
Figure 2E,F; Appendix S1: Figure S4), despite the finer
grained differences in bacterial taxa associated with each

TAB L E 3 Permutational multivariate analysis of variance

(PERMANOVA) testing the effects of population size, site, and the

population size × site interaction on Bray–Curtis dissimilarity of

Phylogenetic Investigation of Communities by Reconstruction of

Unobserved States (PICRUSt)-predicted functional pathways.

Variable df Pseudo-F R 2 p

Aethomys hindei

Population size 1 1.1 0.01 0.229

Site 2 1.7 0.03 0.060

Population size × site 2 0.8 0.01 0.666

Residual 99 0.94

Total 104 1

Gerbilliscus robustus

Population size 1 0.6 0.01 0.640

Site 2 1.6 0.03 0.103

Population size × site 2 2.3 0.05 0.120

Residual 86 0.91

Total 91 1

Saccostomus mearnsi

Population size 1 0.7 0.01 0.894

Site 2 3.2 0.06 0.004

Population size × site 2 1.1 0.02 0.267

Residual 91 0.91

Total 96 1

Note: Corresponding analyses of dispersion are shown in Appendix S1:
Figure S6.
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host species (Figure 2A–D). Quantifying and comparing
bacterial predicted functions may therefore provide
insight into the ways that compositionally distinct
microbiomes contribute to the performance of hosts that
occupy different niches. A striking example involves the
enrichment of predicted pathways associated with
degrading aromatic compounds in the microbiomes of
S. mearnsi compared with both A. hindei and G. robustus
(Appendix S1: Figure S5). The number of top predicted
pathways associated with aromatic compounds in
S. mearnsi suggests it may process higher quantities of
lignin or other plant chemical defenses in its diet
(Appendix S1: Figure S6; Prajapati et al., 2016), which
would be consistent with its preference for chemically
defended forbs in rainy seasons (Metz & Keesing, 2001).
Although the two herbivorous species occupied virtually
identical isotopic niches (Figure 1; Brown et al., 2023),
elucidating differences in the diversity of plant taxa and
their chemical defenses could help illuminate causal
drivers of variation in host–microbiome associations.
Metagenomic strategies to measure fine-grained functional
genetic variation both within and among individual
microbiomes—and to evaluate functional diet–microbiome
linkages—could help establish the extent of functional
redundancy within these taxonomically diverse gut
microbiomes.

A contrast between the general tendency of larger host
populations to harbor greater microbiome diversity and
the idiosyncrasies involved with whether individual-level
microbiomes diversify in large populations highlights a
need to elucidate the mechanisms underlying this variation
in wild mammals. Our comparison of three rodent species
in a common environment suggests differences in the sen-
sitivities of individual diets, demographic parameters,
and/or microbial predicted functionality to variation in the
host’s local environment. Metagenomics studies that do
not simply make predictions about the functions that bac-
teria perform for hosts based on bacterial taxonomy, but
that instead directly quantify the functional genetic diver-
sity within bacterial communities, could further elucidate
factors that modulate microbiome composition in natural
systems. Clearly, though, our comparative study shows a
general pattern of seasonal loss and recovery of
microbiome diversity in response to sources of environ-
mental variation that cause diverse host populations in the
wild to shrink and grow again.
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