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The response of the gut microbiota to changes in the host environment can
be influenced by both the host’s past and present habitats. To quantify their
contributions for two different life stages, we studied the gut microbiota of
wild bank voles (Clethrionomys glareolus) by performing a reciprocal transfer
experiment with adults and their newborn offspring between urban and
rural forests in a boreal ecosystem. Here, we show that the post-transfer
gut microbiota in adults did not shift to resemble the post-transfer gut micro-
biota of animals ‘native’ to the present habitat. Instead, their gut microbiota
appear to be structured by both their past and present habitat, with some
features of the adult gut microbiota still determined by the past living
environment (e.g. alpha diversity, compositional turnover). By contrast, we
did not find evidence of the maternal past habitat (maternal effects) affecting
the post-transfer gut microbiota of the juvenile offspring, and only a weak
effect of the present habitat. Our results show that both the contemporary
living environment and the past environment of the host organism can
structure the gut microbiota communities, especially in adult individuals.
These data are relevant for decision-making in the field of conservation
and wildlife translocations.
1. Introduction
Gut microbiota provide essential functions to their animal host, most notably by
metabolizing dietary items to yield diverse nutrients [1] but also by interacting
with the host’s immune system to support the protection against pathogens [2].
The gut microbiota develops after birth to reflect the experiences of the host
during early life and thereafter generally stabilizes with age [3–5]. Some of the
most prominent environmental drivers of variation in wildlife gut microbiota
include dietary input [6,7], parasite or pathogen burden [8,9], and exposure to
pollution or habitat disturbance [10,11]. Moreover, maternal transmission [12]
and social contact [13] can also impact the gut microbiota composition, although
the influence of the maternal microbiota apparently weakens with age [12,14].
Thus, a typical feature of the animal gut microbiota is that conspecifics have dis-
tinct communities depending on where they live [11,15]. When an animal moves
to a new environment, it is reasonable to expect a concomitant change in the gut
microbiota, for example as a response to new resources [16–18] or contact with
new conspecifics and/or pathogens. While the gut microbiota are key to
animal health [19], how the gut microbiota respond to environmental change
that accompany wildlife movement to new areas remains underexplored.

Following movement to a new area, the host’s microbiota could exhibit
either flexibility or resistance in response to any change in the environment. Flex-
ible gut microbiota are hypothesized to enable the hosts to better use available
resources [20–22]. Such flexibility may be achieved by the uptake of new
microbes and/or by altering the composition of resident taxa. In both cases,
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the microbiota composition would reflect the contemporary
(present) environment of the host. Alternatively, the gutmicro-
biota can reflect the host’s prior environmental experiences by
exhibiting resistance. Mechanisms of microbiota resistancemay
be derived from themicrobial communities that resist a change
in composition through priority effects [23–25], whereby the
early-arriving (and thus established) taxa inhibit or influence
the colonization success of later-arriving microbes [26–28].
Also, the host could stimulate resistance by providing a stable
environment (e.g. host mucus [29]). Studying the relative con-
tributions of flexibility and resistance in terms of animal
movement is important, considering the ongoing fragmenta-
tion of wild habitats and the practice of human-assisted
wildlife translocations for conservation purposes [30].

Few studies have quantified the relative influence of flexi-
bility and resistance in gut microbiota of wild animals, likely
owing to the requirement of longitudinal data from a recipro-
cal transfer (RT) experiment. Nonetheless, there is some
evidence for gut microbiota flexibility [31] and an interaction
whereby the host’s prior environment may determine the
degree of flexibility [32,33]. The apparent absence of a notable
effect of prior experience on the microbiota composition in
these RT studies may be explained by their focus on invert-
ebrates [33] or juvenile life stages of aquatic vertebrates
[31,32]. Indeed, invertebrates typically harbour a much less
complex microbiota community than vertebrate hosts, and
often incorporate a greater proportion of transient, free-
living microbes in their gut microbiota [34]. Similarly, the
responses of gut microbiota of juveniles may not be compar-
able with those of adults owing to the differences in the gut
microbiota maturity and relative importance of priority
effects [25], early-life conditions [35,36] and maternal effects
[14]. Therefore, RT experiments performed on both adults
and juveniles are needed to elucidate the importance of
past and present habitat in different age classes.

Importantly, mothers may vertically transfer (part of) their
gut microbiota to their offspring [12,14,37]. In mammals, this
process of vertical transmission is stimulated by birth through
the vaginal canal, breast feeding, coprophagy of maternal
stool, and close physical contact between mother and offspring
[38]. With this in mind, conducting an RT experiment on
mothers and their newborn offspring, which have not directly
experienced the maternal prior environment, would provide
novel insights into the combined roles of maternal trans-
mission and gut microbiota flexibility in shaping variation in
the gut microbiota. Under a predominant process of micro-
biota flexibility, an individual’s contemporary environment
would have the best explanatory power of gut microbiota com-
position (e.g. as gut microbiota is primarily influenced by diet
[6,7]). However, if there is resistance, whereby the prior
environmental experience continues to impact the maternal
gut microbiota after translocation, then the ‘legacy’ of the
maternal prior environment may be visible in the offspring
owing to maternal transmission. Whether the gut microbial
communities in offspring reflect the prior maternal environ-
ment (before maternal movement) has, to the best of our
knowledge, not been studied using an RT experiment.

In this study, we quantified the contributions of prior (i.e.
past habitat) and contemporary environments (i.e. present
habitat) on the gut microbiota composition by performing an
RT experiment with adult wild rodents and their newborn off-
spring (the bank vole,Clethrionomys glareolus; formerlyMyodes
glareolus; [39]) inhabiting contrasting (urban and rural) forest
habitats.We chose thismodel system since both environmental
[40] and host-associated [15,41] microbiota differ between
urban and rural forests, thus allowing us to detect flexibility
and resistance after translocation. In line with previous RT
studies [31–33], we hypothesized that (1) the adult post-
transfer gut microbiota will be explained more by the
contemporary environment than by the prior environment.
Additionally, we anticipated that (2) the gut microbiota of
offspring will solely be determined by the contemporary
environment (i.e. with a negligible signal of the maternal
prior environment). Thus,we expected an overriding signature
of gut microbiota flexibility rather than resistance, especially
in juveniles.
2. Methods
(a) Experimental design
Nursing bank voles were transferred according to a full factorial
reciprocal transfer (RT) design between 20 urban and 20 rural
forest sites within and around Jyväskylä (62.2426°N, 25.7473°E)
in central Finland, during July–September 2020. Rural sites
were established around the urban area and were subdivided
into four areas with five forest sites each to avoid potential
biases associated with any specific location. The typical veg-
etation found in urban and rural forest sites was comparable,
comprising the same tree (Norway spruce (Picea abies), Scots
pine (Pinus sylvestris), and silver and downy birch (Betula pendula
and Betula pubescens)) and shrub species (bilberry (Vaccinium
myrtillus) and lingonberry (Vaccinium vitis-idaea)). All 40 sites
were used as animal sourcing and release plots. To supplement
the numbers of rural bank voles, animals were also sourced
from rural forests located 50 km away from Jyväskylä. The exper-
iment consisted of three phases (figure 1): (1) sourcing gravid
bank voles from the wild and sampling the original faecal micro-
biota (i.e. pre-transfer microbiota), (2) keeping these individuals
in the laboratory until 2–3 days after giving birth (for recovery;
time period until birth varied per individual: 3–20 days), after
which animals were transferred with their offspring to a new
forest patch (animals were never transferred to their original
forest patch, such that all animals had the same experience of
moving to a new area), and (3) recapturing the same individuals
and their pups and sampling their faecal microbiota after having
spent 3–4 weeks in the wild (i.e. post-transfer microbiota). This
effort resulted in data for 28 adult bank voles (rural–rural n = 7;
rural–urban n = 5; urban–rural n = 7; urban–urban n = 9) that
had both pre- and post-transfer microbiota samples and 72 off-
spring that had a post-transfer microbiota sample (rural–rural
n = 17; rural–urban n = 26; urban–rural n = 10; urban–urban n =
19). Recaptured juveniles belonged to 33 mothers (note that the
mother was not always recaptured and, in some cases, several
siblings were recaptured). We used nursing mothers to increase
the recapture rate since nursing individuals are less likely to dis-
perse. Full details about the experimental design and sampling
protocols can be found in the methods section of the electronic
supplementary material.

(b) Amplicon sequencing and read data processing
DNA from faecal samples (total n = 128) and negative controls
was extracted in a randomized order at the facilities of the Uni-
versity of Jyväskylä (JYU) using a Qiagen DNeasy PowerSoil
Pro Kit following the manufacturer’s instructions. The DNA con-
centrations per sample (see electronic supplementary material,
methods) were measured with a Nanodrop spectrophotometer
at JYU and confirmed with a Qubit fluorometer at the Beijing
Genomics Institute (BGI, www.bgi.com/global/). Amplification

http://www.bgi.com/global/
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Figure 1. Experimental design of the reciprocal transfer (RT) experiment on wild bank voles. The experiment was carried out in Jyväskylä, situated in central Finland
(a) and used 20 urban and 20 rural forest sites around the city ( pink areas represent urban zones) as experimental forest patches (b). The schematic overview of the
reciprocal transfer experiment shows that wild gravid bank voles were sourced from urban and rural forests (referred to as ’past habitat’) and released in a new urban
or rural forest patch (referred to as ’present habitat’) with their newborn offspring (c). Data from pre-transfer gut microbiota are based on faecal samples derived
from bank voles upon initial capture, while the post-transfer microbiota were obtained from animals after spending four weeks in their new forest patch after
translocation.
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and sequencing of the DNA samples were performed at BGI
using an Illumina HiSeq with the primer pair 515F/806R [42]
to target the V4 region of the 16S ribosomal RNA (rRNA)
locus. To enhance quality control, negative controls were also
incorporated during the library preparation step. The following
workflow was used in QIIME2 v.2021.8 [43] to attain amplicon
sequence variants (ASVs): removal of adaptor sequences with
the CUTADAPT plugin [44], trimming primers, truncating the 30

end of the low-quality reads (forward reads at 227 bp, reverse
reads at 199 bp), merging paired reads, and filtering out chimeric
sequences with the DADA2 plugin [45]. Taxonomy was assigned
to ASVs by training the Naive Bayes classifier [46] on the SILVA
database v.13_8 for the V4 region of 16S rRNA [47], with reference
sequences clustered at 99% sequence similarity. After removal of
non-bacterial (Archaea, Eukaryota, mitochondria, chloroplasts,
and unassigned sequences) and low-frequency ASVs (i.e. <10
reads overall), 10 432 395 reads (30 671–137 472 reads/sample)
and 3448 ASVs were retained, with the final amount of 3 925 888
reads and 3443 ASVs after rarefaction at 30 671 reads per sample
[48]. Phylogenetic midpoint rooted trees were constructed using
the FASTTREE plugin [49].

(c) Statistical analysis
(i) Magnitude of change in alpha and beta diversity
The analysis of our paired time series data for adults was performed
with the Q2-LONGITUDINAL plugin [50] in QIIME2. For each adult bank
vole, we calculated the difference in alpha diversity (paired-differ-
ences) and the change in beta diversity (paired-distances) between
the two timepoints (i.e. the pre-transfer and post-transfer gut micro-
biota). As this approach generates independent response variables,
we ran linear regression models with the lm function in R v.4.0.2
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[51] todeterminewhether themagnitudeof change in alpha (i.e.ASV
richness, Shannon diversity, Faith’s phylogenetic diversity) and beta
diversity (i.e. Bray–Curtis, Jaccard, weighted UniFrac (wUnifrac),
unweighted UniFrac (unwUnifrac)) depended on the past habitat,
present habitat and/or their interaction. Here, the past and present
habitat refer to a categorical variable describing the original and
transfer forest type (either urban or rural). Additionally, we investi-
gated whether the change in alpha diversity within treatment was
statistically different from zero with two-sided paired t-tests with
the t_test function in R.

(ii) Direction of change in alpha and beta diversity
To determine whether potential changes in alpha and beta diver-
sity were deterministic or stochastic, we studied the post-transfer
gut microbiota communities of adult bank voles in more detail.
For alpha diversity analysis, we extracted the different alpha
diversity metrics from QIIME2 (i.e. ASV richness, Shannon diver-
sity and Faith’s phylogenetic diversity) and used the lm
function in R to construct linear regression models with the
two categorical variables of interest (i.e. past and present habitat)
and their two-way interaction to examine potential cross-effects
before and after the transfer. Linear models were also used to
test whether the past habitat determined the alpha diversity of
the pre-transfer gut microbiota.

In terms of beta diversity, distance metrics (i.e. Bray–Curtis,
Jaccard, wUnifrac, unwUnifrac) were generated with the PHYLOSEQ

v.1.44.0 package in R [52] and PERMANOVA tests were performed
using the adonis2 function in VEGAN v.2.6.4 (permutations n = 9999
[53]) to examine whether the past habitat, present habitat and/or
their interaction had more influence on the composition of the
post-transfer gut microbiota communities. The same function was
used to study the effect of the past habitat on the composition of
the pre-transfer gut microbiota. Additionally, the betadisper function
in VEGAN with an adjustment for the potential bias in sample sizes
was used to test for the assumption of homoscedasticity.

To visualize the directionality of the change in beta diversity,
we used constrained analysis of principal coordinates (CAP)
plots which display the variation explained by the a priori
given hypothesis (i.e. past habitat + present habitat) with the ordi-
nate function within PHYLOSEQ.

(iii) Alpha and beta diversity metrics in offspring
Similar analyses were applied to the post-transfer gut microbiota
of the juveniles (n = 72) but with the relatedness between siblings
(i.e. siblings were merged into clusters, cluster n = 33) taken into
account. To study the alpha diversity between groups, we con-
structed linear mixed models with the alpha diversity index (i.e.
ASV richness, Shannon index, Faith’s phylogenetic diversity) as
the response variable, the two-way interaction between past and
present habitat as explanatory variables and genetic cluster as
the random effect with the lmer function within the LMERTEST

v.3.1.3 R package [54]. When needed, the non-normal distribution
of the response variable was solved by log-transformation. In
terms of investigating beta diversity differences, we modelled a
for-loop function (iterations n = 100) where each loop started
with the random selection of one pup per genetic cluster (n = 33)
before running the adonis2 function in R (permutations n =
9999). The average of the calculated values was taken as a
representative for the whole dataset of offspring.
3. Results
(a) Baseline differences in the bank vole gut microbiota
Throughout the experiment, the gut microbiota of adult bank
voles was approximately 80% dominated by three bacterial
families (electronic supplementary material, figure S1A):
Muribaculaceae (median relative abundancepre- andpost-transfer
gut microbiota combined = 50.17%), Lactobacillaceae (median
relative abundance pre- and post-transfer gut microbiota
combined = 24.22%) and Lachnospiraceae (median relative abun-
dance pre- and post-transfer gutmicrobiota combined = 10.17%).

The composition of the pre-transfer gut microbiota differed
between wild urban and rural bank voles. Specifically, the
community composition of bank vole gut microbiota differed
among the two habitat types ( p < 0.05 for all metrics except
wUnifrac metric; electronic supplementary material, table
S1 and figure S2), with habitat type explaining 7–9% of vari-
ation, depending on the metric used. The level of dispersion
in the pre-transfer gut microbiota composition between
urban and rural animals was similar based on three out of
four beta diversity metrics used, though rural animals exhib-
ited higher dispersion based on the unwUnifrac metric (p <
0.05; electronic supplementary material, table S1). By contrast,
initial alpha diversity levels of the pre-transfer gut microbiota
did not differ between rodents of different origin, with urban
and rural bank voles having an average of 267 and 265 ASVs,
respectively (electronic supplementary material, table S2).
These differences in the pre-transfer gut microbiota profiles
between urban and rural bank voles confirm the prerequisite
needed to use this system for an RT experiment.
(b) Past habitat determines the diversity and
compositional turnover of the gut microbiota in
translocated adults

Change in alpha diversity between the pre- and post-transfer
microbiota was not statistically different between bank voles
of different experimental groups ( p > 0.05; electronic sup-
plementary material, figure S3A and tables S3 and S4), and
yet the alpha diversity of post-transfer microbiota was statisti-
cally different based on the past habitat (figure 2 and
electronic supplementary material, table S5). Animals of
urban origin had on average 30% more ASVs ( p < 0.05) in
their post-transfer microbiota communities (average of 324
ASVs) compared with rural bank voles (average of 234
ASVs), irrespective of their present habitat (ASV richness:
R2
past ¼ 0:16, ppast ¼ 0:02; figure 2 and electronic supplemen-

tary material, figure S3B and table S5). A trend towards
higher alpha diversity in the post-transfer microbiota was
also observed in terms of the Shannon diversity
(R2

past ¼ 0:102, ppast ¼ 0:054) and the Faith’s phylogenetic
diversity (R2

past ¼ 0:063, ppast ¼ 0:105), although these results
were non-significant (electronic supplementary material,
table S5). In terms of beta diversity, all bank voles exhibited
baseline temporal changes in the composition of their gut
microbiota (i.e. change in their microbiota communities
between the onset and end of the RT experiment), irrespective
of whether they were transferred to similar forests (urban–
urban, rural–rural) or to forests of the opposite experimental
type (urban–rural, rural–urban) (electronic supplementary
material, figure S4 and table S6), which likely reflects broad
seasonal trends. Interestingly, these microbiota turnover
rates were significantly higher for animals originating from
urban rather than rural forests in terms of the wUniFrac
metric (R2

past ¼ 0:187, ppast ¼ 0:013; electronic supplementary
material, figure S4 and table S6) but not for the other metrics.
Additionally, no obvious trends in terms of the present
habitat could be detected.
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Figure 2. Change in the alpha diversity of the gut microbiota of bank voles in terms of past habitat. The alpha diversity (ASV richness) of the post-transfer gut
microbiota was significantly higher for animals that originated from urban forests in comparison with rural forests, irrespective of their site of translocation (a).
Connected bar plots show the increase or decrease in alpha diversity in the gut microbiota ( paired-differences in alpha diversity) for each individual bank vole
between their pre-transfer and post-transfer gut microbiota. Bank voles originating from rural (b) and urban (c) forests are shown in separate plots. The asterisk
corresponds to a significant p-value (*p < 0.05).
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(c) Past and present habitat determine the composition
of the gut microbiota in translocated adults

The effect sizes of the past and present habitat in terms of their
contribution to the variation in the post-transfer gut microbiota
were equivalent (approx. 5–6%; figure 3a,c and electronic sup-
plementary material, figure S5 and table S7). Specifically, we
found significant effects for both the past and present habitat in
terms of the Bray–Curtis metric (R2

past ¼ 0:059, Fpast ¼ 1:685,
ppast ¼ 0:029; R2

present ¼ 0:065, Fpresent ¼ 1:832, ppresent ¼ 0:016)
and the Jaccard metric (R2

past ¼ 0:05, Fpast ¼ 1:381, ppast ¼
0:038; R2

present ¼ 0:055, Fpresent ¼ 1:527, ppresent ¼ 0:013), a sig-
nificant effect of the past habitat in terms of the unwUnifrac
metric (R2

past ¼ 0:048, Fpast ¼ 1:297, ppast ¼ 0:044) and no clus-
tering trends in terms of the wUnifrac metric (p> 0.05).
Additionally, we found that the past habitat had an influence
on the dispersion levels in the post-transfer gut microbiota (elec-
tronic supplementarymaterial, table S7),with the gutmicrobiota
of animals originating from urban forests displaying greater
levels of dispersion for all metrics (p< 0.02) except the
unwUnifrac metric (p> 0.05).

(d) Present habitat shapes the gut microbiota in
translocated offspring

Gut microbiota of juvenile bank voles were dominated by the
same three bacterial families as the gut microbiota of adults
(electronic supplementary material, figure S1B), with Muribacu-
laceae (median relative abundance = 53.35%), Lactobacillaceae
(median relative abundance = 21.8%) and Lachnospiraceae
(median relative abundance = 9.14%) together constituting an
average of 80% of the gut microbiota composition.

As expected, we found that both the alpha (R2
geneticcluster �

0:32–0:42, pgeneticcluster , 0:02 for all metrics) and beta
diversity (R2
geneticcluster � 0:61–0:68, pgeneticcluster ¼ 0:0001 for

all metrics) of the juvenile gut microbiota were heavily
influenced by the genetic cluster, with siblings having a
higher similarity of the gut microbiota as compared with
unrelated individuals (electronic supplementary material,
figure S6 and table S8).

While the gut microbiota composition of translocated
adults was influenced by both their past and present habitats,
the microbiota of their offspring did not display a clear signa-
ture from the maternal past habitat. Instead, the gut
microbiota of the offspring appeared to align according to
their present habitat as assessed by the Bray–Curtis (R2

past ¼
0:032, Fpast ¼ 1:041, ppast ¼ 0:391; R2

present ¼ 0:042, Fpresent ¼
1:362, ppresent ¼ 0:061) and Jaccard metrics (R2

past ¼ 0:032,
Fpast ¼ 1:041, ppast ¼ 0:378; R2

present ¼ 0:038, Fpresent ¼ 1:22,
ppresent ¼ 0:061), although the results did not achieve statisti-
cal significance (figure 3b,d; electronic supplementary
material, figure S5 and table S8).
4. Discussion
The composition of the wildlife gut microbiota typically
exhibits a high level of inter-individual variation, likely
driven by differential maternal effects and accumulated
effects of diverse socio-environmental experiences through-
out the host’s lifetime. By performing a reciprocal transfer
(RT) experiment with wild bank voles inhabiting urban and
rural forests, we show that the past and present habitat
have comparable explanatory power in terms of the variation
in the post-transfer adult gut microbiota. Finding evidence
for both resistance and flexibility is in contrast with our first
hypothesis, as we expected that the gut microbiota flexibility
would override any remaining signatures of the host’s past
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the juvenile post-transfer gut microbiota has no significant influence from either. However, there is a trend towards clustering according to the present habitat. The
asterisk corresponds to a significant p-value (*p < 0.05). CAP, constrained analysis of principal coordinates.
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habitat. That said, our results generally align with our second
hypothesis, as indeed we expected to find little notable
impact of the maternal past habitat on the gut microbiota of
translocated offspring (i.e. juveniles), but rather an effect of
the present habitat. Specifically, our data show that both
past and present habitat do not significantly explain the vari-
ation in the juvenile gut microbiota, with only a trend
suggesting an impact of the present habitat. Overall, our
data highlight that wild gut microbiota studies should con-
sider the effects of both the past and present habitats
encountered in an individual’s lifetime, while potential
legacy effects of the maternal past habitat are relatively small.

(a) Past habitat can maintain long-term differences in
the adult bank vole gut microbiota

The past habitat rather than the present habitat determined
many aspects of the adult bank vole gut microbiota response.
Greater levels of compositional turnover, higher post-transfer
alpha diversity and higher levels of dispersion in the post-trans-
fer gut microbiota of animals originating from urban forests
could be due to differences on the level of the microbiota
and/or the level of the host organism. For example, it is possible
that urban-specific gut microbiota harbour more transient
microbes. Alternatively, urban animals could have different
physiology and/or immune system features [55,56] that might
allow a higher passive uptake of environmental microbes [57].
It also cannot be excluded that urban animals experienced
more stress throughout the RT experiment and therefore show
signs of ‘disturbance’, which, for example, could be consistent
with the Anna Karenina principle for animal microbiomes,
which postulates that stress increases the dispersion of the gut
microbiota composition [58]. Additionally, urban animals may
exhibitmoreboldandexploratorybehaviour, thus encountering
a greater varietyofmicrohabitats anddietary items [59]. Intrigu-
ingly, such differences in the gut microbiota response between
urban and rural bank voles can also be attributed to other host
features such as genetic variation [41] and/or early life adap-
tations [23,24] tailored specifically to life in urban and rural
forests. For example, an urban lifestyle during the critical
period of early development could have a different impact
on the maturation of the immune and stress response systems
of bank voles in comparison with life in rural forests [60].
Consequently, such potential differences in developmental tra-
jectories and, for instance, the close interplay between the
immune system and the gut microbiota [61] could cascade to
differences in the gut microbiota communities of adult animals.
Moreover, it is also possible that changes in genetic structure
between urban and rural bank voles have developed over
timeon thepopulation level, owing to thegeographical isolation
of forest habitats.

(b) Flexibility and resistance rather than maternal
effects shape the bank vole gut microbiota

Both the past and present habitat shape the gut microbiota of
translocated adult individuals, with each explaining between
5 and 6% of variation, depending on the metric used. While
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the capability of the gut microbiota to resemble the present
habitat after a change in the host environment was expected
[31–33], it is interesting to find a persistent signature of the
past habitat in the post-transfer gut microbiota given the
animals’ time in captivity before translocation and their
extended exposure to the new environment. Specifically,
we found that the post-transfer microbiota of bank voles
transferred between different forest types (urban–rural,
rural–urban) did not match the ‘native’ microbiota of the
transfer environment (urban–urban, rural–rural), but rather
reached intermediate states. Temporal variation in the gut
microbiota composition, irrespective of the forest type, is an
important feature of our longitudinal data, and is consistent
with seasonal changes in gut microbiota of wild rodents
[62]. With this in mind, and the significant differences in
the gut microbiota among urban and rural bank voles (elec-
tronic supplementary material, table S1), we had expected a
considerably stronger effect size for flexibility. The inability
of the gut microbiota communities of bank voles to be fully
flexible could indicate the presence of strong priority effects
that drive the gut microbiota resistance [32].

The influence of past environments on the gut microbiota
communities appears to be limited to exposures faced over
the course of an individual’s lifetime, without a cross-
generational effect, as we did not detect any notable impact of
the maternal past habitat on the gut microbiota of translocated
juveniles. The lack of a signal of the maternal past habitat in the
microbiota of offspring seems logical as these juveniles never
directly experienced the past habitat of their mother and
(besides a few days in captivity after being born) lived their
entire lives in the habitat they were translocated to. Addition-
ally, the reproductive strategy of bank voles could diminish
the impact of maternal transmission as mothers are often preg-
nant with the next litter while nursing, which results in short
lactation periods (approx. threeweeks [63]), where the offspring
receive relatively little maternal care since mothers must leave
the nest for prolonged periods to forage [64]. Indeed, vertical
transmission in another rodent species (wood mice, Apodemus
sylvaticus) only resulted in a slightly higher similarity between
the gut microbiota of mother–offspring pairs (approx. 22%) in
comparison with unrelated pairs (approx. 19%) [14]. Besides
the generally weak effect of vertical transmission in rodents,
maternal transfer in mammals is also typically biased towards
certain microbial taxa (e.g. Bifidobacterium and Lactobacillus,
[14]), whichmakes it unlikely to detectmore general differences
in the offspring gut microbiota based upon the maternal past
habitat. Surprisingly, the signal of the present habitat was
also relatively weak and non-significant in the post-transfer
gut microbiota of offspring. One potential reason for this
could be due to age, since these juvenile rodents (less than 32
days old) heavily relied on mother milk during the majority
of the exposure time in the present habitat and perhaps had
not yet developed a fully mature gut microbiota community.
Following the same individuals throughout their lives could
providemore information on the gutmicrobiota of translocated
juveniles after they reach adulthood, but this practice is quite
challenging in natural, open systems where recapture rates
are low [65].

(c) Practical implications
Despite the ongoing conservation efforts and human-assisted
wildlife translocations between different environments
(e.g. reintroductions to the wild after captivity [66,67]), our
understanding of the gut microbiota flexibility and resistance
in wild animals remains limited [68]. Our data show that
the gut microbiota of conspecifics inhabiting different habi-
tats (including areas with different levels of human
disturbance such as urban and rural forests) can have inher-
ently different properties that can shape the gut microbiota
communities even after the host has moved to a new location.
Long-lasting environmental effects rather than maternal
effects appear to be the driving force behind this observation,
which has important practical implications for ongoing con-
servation programmes [30,69,70] since the gut microbiota
resistance could prevent the host organism from using novel
resources and thus potentially hinder the adaptive capacity
typically offered by the gut microbiota. Therefore, we suggest
that translocating very young individuals with a minimum
exposure time to captivity or other previous habitats (with
their mothers) or pregnant females could possibly lower the
degree of resistance in the gut microbiota communities of
these young/newborn individuals as they develop with the
newly translocated habitat as their first encountered environ-
ment. Indeed, reducing time spent in captivity before
translocating young captive individuals into the wild has
already been proposed as a means to promote translocation
success (e.g. giant pandas [18]). Importantly, studying the
efficacy of faecal microbiota transplants in translocations
should also be explored to improve the success rate of trans-
locating adult individuals. One interesting and unexplored
aspect in our study was the potential for functional redun-
dancy, which perhaps gives us an inferior approximation of
the adaptative potential of the bank vole gut microbiota.
That said, we were unable to test this hypothesis in our data-
set owing to the technical limitations imposed by marker
gene sequencing. Experimental studies using both long
read sequencing and shotgun metagenomics are needed to
improve taxonomic resolution (in this study many ASVs
could only be assigned to genus/family level) and quantify
functional profiles of the bank vole gut microbiota. This infor-
mation, together with long-term survival and fitness data,
can help to further elucidate the role of the gut microbes in
facilitating host adaptation to a change in the environment
through potential differences in disease susceptibility
[71,72], energy uptake from food [73], detoxification of
plant compounds [74], stress physiology [55] and/or survival
rate [75,76], as reported in various animal species.

Ethics. The research was conducted in accordance with the relevant
laws and all procedures had an ethical committee approval
(ESAVI/3981/2018).

Data accessibility. The raw sequences and associated metadata have been
deposited to the National Center for Biotechnology Information
(NCBI) under accession no. PRJNA933136 (https://www.ncbi.nlm.
nih.gov/bioproject/PRJNA933136/). The R code (accessible at
https://github.com/TScholier/rt-voles-workflow) and the input
files are available to download at Zenodo [77].

Supplementary material is available online [78].

Declaration of AI use. We have not used AI-assisted technologies in
creating this article.

Authors’ contributions. T.S.: conceptualization, data curation, formal analy-
sis, funding acquisition, investigation, methodology, project
administration, software, supervision, validation, visualization, writ-
ing—original draft, writing—review and editing; A.L.:
conceptualization, data curation, investigation, methodology, project
administration, supervision, validation, writing—review and editing;
E.R.K.: conceptualization, data curation, funding acquisition, investi-
gation, methodology, project administration, resources, supervision,
validation, writing—review and editing; P.C.W.: conceptualization,

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA933136/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA933136/
https://github.com/TScholier/rt-voles-workflow


royalsocietypublishing.org/jo

8

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

21
 F

eb
ru

ar
y 

20
24

 

funding acquisition, methodology, project administration, resources,
supervision, validation, writing—review and editing; T.M.: conceptual-
ization, funding acquisition, investigation, methodology, project
administration, resources, supervision, validation, writing—review
and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed herein.

Conflict of interest declaration. The authors declare no competing interests.
Funding. This research was funded through the 2017–2018 Belmont
Forum and BiodivERsA joint call for research proposals, under the
BiodivScen ERA-Net COFUND programme (project numbers
329334 and 326534 to P.C.W.). Additional funding through the Acad-
emy of Finland was granted to E.R.K. (project number 329332) and
T.M. (project number 324605). The lead author (T.S.) was funded
by the University of Jyväskylä Graduate School, with additional sup-
port by the Societas pro Fauna et Flora Fennica and the Finnish
Cultural Foundation.
Acknowledgements. We are grateful to the Finnish Centre for Scientific
Computing (www.csc.fi) for access to computational resources. The
large-scale field work experiment would not have been possible with-
out the efforts and daily help of Sonja Knuutila, Piko Rautio, Saija
Vuorenmaa and Anja Siukkola.
urnal/rspb
References
Proc.R.Soc.B
291:20232531
1. Dearing MD, Kohl KD. 2017 Beyond fermentation:
other important services provided to endothermic
herbivores by their gut microbiota. Integr. Comp.
Biol. 57, 723–731. (doi:10.1093/icb/icx020)

2. Rooks MG, Garrett WS. 2016 Gut microbiota,
metabolites and host immunity. Nat. Rev. Immunol.
16, 341–352. (doi:10.1038/nri.2016.42)

3. Schloss PD, Schubert AM, Zackular JP, Iverson KD,
Young VB, Petrosino JF. 2012 Stabilization of the
murine gut microbiome following weaning. Gut
Microbes 3, 383–393. (doi:10.4161/gmic.21008)

4. Faith JJ et al. 2013 The long-term stability of the
human gut microbiota. Science 341, 1237439.
(doi:10.1126/science.1237439)

5. Risely A, Schmid DW, Müller-Klein N, Wilhelm K,
Clutton-Brock TH, Manser MB, Sommer S. 2022 Gut
microbiota individuality is contingent on temporal
scale and age in wild meerkats. Proc. R. Soc. B 289,
20220609. (doi:10.1098/rspb.2022.0609)

6. Kartzinel TR, Hsing JC, Musili PM, Brown BRP,
Pringle RM. 2019 Covariation of diet and gut
microbiome in African megafauna. Proc. Natl Acad.
Sci. USA 116, 23 588–23 593. (doi:10.1073/pnas.
1905666116)

7. Moy M, Diakiw L, Amato KR. 2023 Human-
influenced diets affect the gut microbiome of wild
baboons. Scient. Rep. 13, 11886. (doi:10.1038/
s41598-023-38895-z)

8. Kreisinger J, Bastien G, Hauffe HC, Marchesi J,
Perkins SE. 2015 Interactions between multiple
helminths and the gut microbiota in wild rodents.
Phil. Trans. R. Soc. B 370, 20140295. (doi:10.1098/
rstb.2014.0295)

9. Brila I, Lavrinienko A, Tukalenko E, Kallio ER,
Mappes T, Watts PC. 2023 Idiosyncratic effects of
coinfection on the association between systemic
pathogens and the gut microbiota of a wild rodent,
the bank vole Myodes glareolus. J. Anim. Ecol. 92,
826–837. (doi:10.1111/1365-2656.13869)

10. Brila I, Lavrinienko A, Tukalenko E, Ecke F, Rodushkin
I, Kallio ER, Mappes T, Watts PC. 2021 Low-level
environmental metal pollution is associated with
altered gut microbiota of a wild rodent, the bank
vole (Myodes glareolus). Sci. Total Environ. 790,
148224. (doi:10.1016/j.scitotenv.2021.148224)

11. Lavrinienko A, Hämäläinen A, Hindström R,
Tukalenko E, Boratyński Z, Kivisaari K, Mousseau TA,
Watts PC, Mappes T. 2021 Comparable response of
wild rodent gut microbiome to anthropogenic
habitat contamination. Mol. Ecol. 30, 3485–3499.
(doi:10.1111/mec.15945)

12. Blyton MDJ, Soo RM, Hugenholtz P, Moore BD. 2022
Maternal inheritance of the koala gut microbiome
and its compositional and functional maturation
during juvenile development. Envir. Microbiol. 24,
475–493. (doi:10.1111/1462-2920.15858)

13. Raulo A, Allen BE, Troitsky T, Husby A, Firth JA,
Coulson T, Knowles SCL. 2021 Social networks
strongly predict the gut microbiota of wild mice.
ISME J. 15, 2601–2613. (doi:10.1038/s41396-021-
00949-3)

14. Wanelik KM, Raulo A, Troitsky T, Husby A, Knowles
SCL. 2023 Maternal transmission gives way to social
transmission during gut microbiota assembly in
wild mice. Anim. Microbiome 5, 29. (doi:10.1186/
s42523-023-00247-7)

15. Anders JL, Mychajliw AM, Moustafa MAM, Mohamed
WMA, Hayakawa T, Nakao R, Koizumi I. 2022 Dietary
niche breadth influences the effects of urbanization
on the gut microbiota of sympatric rodents. Ecol.
Evol. 12, e9216. (doi:10.1002/ece3.9216)

16. Wang Y, Zhou R, Yu Q, Feng T, Li H. 2020 Gut
microbiome adaptation to extreme cold winter in
wild plateau pika (Ochotona curzoniae) on the
Qinghai-Tibet Plateau. FEMS Microbiol. Lett. 367,
fnaa134. (doi:10.1093/femsle/fnaa134)

17. Zhao J et al. 2023 Diet and high altitude strongly
drive convergent adaptation of gut microbiota in
wild macaques, humans, and dogs to high altitude
environments. Front. Microbiol. 14, 1067240.
(doi:10.3389/fmicb.2023.1067240)

18. Yao R, Xu L, Hu T, Chen H, Qi D, Gu X, Yang X, Yang
Z, Zhu L. 2019 The ‘wildness’ of the giant panda
gut microbiome and its relevance to effective
translocation. Glob. Ecol. Conserv. 18, e00644.
(doi:10.1016/j.gecco.2019.e00644)

19. Lee WJ, Hase K. 2014 Gut microbiota-generated
metabolites in animal health and disease. Nat.
Chem. Biol. 10, 416–424. (doi:10.1038/nchembio.
1535)

20. Heni AC, Fackelmann G, Eibner G, Kreinert S, Schmid
J, Schwensow NI, Wiegand J, Wilhelm K, Sommer S.
2023 Wildlife gut microbiomes of sympatric generalist
species respond differently to anthropogenic
landscape disturbances. Anim. Microbiome 5, 22.
(doi:10.1186/s42523-023-00237-9)
21. Alberdi A, Aizpurua O, Bohmann K, Zepeda-
Mendoza ML, Gilbert MTP. 2016 Do vertebrate gut
metagenomes confer rapid ecological adaptation?
Trends Ecol. Evol. 31, 689–699. (doi:10.1016/j.tree.
2016.06.008)

22. Michel A et al. 2022 Isolated Grauer’s gorilla
populations differ in diet and gut microbiome. Mol.
Ecol. 32, 6523–6542. (doi:10.1111/mec.16663)

23. Martínez I et al. 2018 Experimental evaluation of
the importance of colonization history in early-life
gut microbiota assembly. eLife 7, e36521. (doi:10.
7554/eLife.36521)

24. Sprockett D, Fukami T, Relman DA. 2018 Role of
priority effects in the early-life assembly of the gut
microbiota. Nat. Rev. Gastroenterol. Hepatol. 15,
197–205. (doi:10.1038/nrgastro.2017.173)

25. Debray R, Herbert RA, Jaffe AL, Crits-Christoph A,
Power ME, Koskella B. 2022 Priority effects in
microbiome assembly. Nat. Rev. Microbiol. 20,
109–121. (doi:10.1038/s41579-021-00604-w)

26. Obadia B, Güvener ZT, Zhang V, Ceja-Navarro JA,
Brodie EL, Ja WW, Ludington WB. 2017 Probabilistic
invasion underlies natural gut microbiome stability.
Curr. Biol. 27, 1999–2006. (doi:10.1016/j.cub.2017.
05.034)

27. Björk JR, O’Hara RB, Ribes M, Coma R, Montoya JM.
2018 The dynamic core microbiome: structure,
dynamics and stability. bioRxiv, 137885. (doi:10.
1101/137885)

28. Robinson CJ, Bohannan BJM, Young VB. 2010 From
structure to function: the ecology of host-associated
microbial communities. Microbiol. Mol. Biol. Rev. 74,
453–476. (doi:10.1128/mmbr.00014-10)

29. Bergstrom K, Xia L. 2022 The barrier and beyond:
roles of intestinal mucus and mucin-type O-
glycosylation in resistance and tolerance defense
strategies guiding host–microbe symbiosis. Gut
Microb. 14, e2052699. (doi:10.1080/19490976.2022.
2052699)

30. Trevelline BK, Fontaine SS, Hartup BK, Kohl KD.
2019 Conservation biology needs a microbial
renaissance: a call for the consideration of host-
associated microbiota in wildlife management
practices. Proc. R. Soc. B 286, 20182448. (doi:10.
1098/rspb.2018.2448)

31. Uren Webster TM, Rodriguez-Barreto D, Castaldo G,
Gough P, Consuegra S, Garcia de Leaniz C. 2020
Environmental plasticity and colonisation history in the

http://www.csc.fi
http://dx.doi.org/10.1093/icb/icx020
http://dx.doi.org/10.1038/nri.2016.42
http://dx.doi.org/10.4161/gmic.21008
http://dx.doi.org/10.1126/science.1237439
http://dx.doi.org/10.1098/rspb.2022.0609
http://dx.doi.org/10.1073/pnas.1905666116
http://dx.doi.org/10.1073/pnas.1905666116
https://doi.org/10.1038/s41598-023-38895-z
https://doi.org/10.1038/s41598-023-38895-z
http://dx.doi.org/10.1098/rstb.2014.0295
http://dx.doi.org/10.1098/rstb.2014.0295
https://doi.org/10.1111/1365-2656.13869
https://doi.org/10.1016/j.scitotenv.2021.148224
http://dx.doi.org/10.1111/mec.15945
https://doi.org/10.1111/1462-2920.15858
http://dx.doi.org/10.1038/s41396-021-00949-3
http://dx.doi.org/10.1038/s41396-021-00949-3
http://dx.doi.org/10.1186/s42523-023-00247-7
http://dx.doi.org/10.1186/s42523-023-00247-7
http://dx.doi.org/10.1002/ece3.9216
https://doi.org/10.1093/femsle/fnaa134
https://doi.org/10.3389/fmicb.2023.1067240
http://dx.doi.org/10.1016/j.gecco.2019.e00644
https://doi.org/10.1038/nchembio.1535
https://doi.org/10.1038/nchembio.1535
https://doi.org/10.1186/s42523-023-00237-9
https://doi.org/10.1016/j.tree.2016.06.008
https://doi.org/10.1016/j.tree.2016.06.008
http://dx.doi.org/10.1111/mec.16663
https://doi.org/10.7554/eLife.36521
https://doi.org/10.7554/eLife.36521
http://dx.doi.org/10.1038/nrgastro.2017.173
http://dx.doi.org/10.1038/s41579-021-00604-w
https://doi.org/10.1016/j.cub.2017.05.034
https://doi.org/10.1016/j.cub.2017.05.034
https://doi.org/10.1101/137885
https://doi.org/10.1101/137885
https://doi.org/10.1128/mmbr.00014-10
https://doi.org/10.1080/19490976.2022.2052699
https://doi.org/10.1080/19490976.2022.2052699
http://dx.doi.org/10.1098/rspb.2018.2448
http://dx.doi.org/10.1098/rspb.2018.2448


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

291:20232531

9

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

21
 F

eb
ru

ar
y 

20
24

 

Atlantic salmon microbiome: a translocation
experiment. Mol. Ecol. 29, 886–898. (doi:10.1111/
mec.15369)

32. Bletz MC et al. 2016 Amphibian gut microbiota shifts
differentially in community structure but converges
on habitat-specific predicted functions. Nat. Commun.
7, 13699. (doi:10.1038/ncomms13699)

33. Chen CY, Chen PC, Weng FCH, Shaw GTW, Wang D.
2017 Habitat and indigenous gut microbes
contribute to the plasticity of gut microbiome in
oriental river prawn during rapid environmental
change. PLoS ONE 12, e0181427. (doi:10.1371/
journal.pone.0181427)

34. Ley RE, Lozupone CA, Hamady M, Knight R, Gordon
JI. 2008 Worlds within worlds: evolution of the
vertebrate gut microbiota. Nat. Rev. Microbiol. 6,
776–788. (doi:10.1038/nrmicro1978)

35. Knutie SA, Wilkinson CL, Kohl KD, Rohr JR. 2017
Early-life disruption of amphibian microbiota
decreases later-life resistance to parasites. Nat.
Commun. 8, 86. (doi:10.1038/s41467-017-00119-0)

36. Knutie SA, Shea LA, Kupselaitis M, Wilkinson CL,
Kohl KD, Rohr JR. 2017 Early-life diet affects host
microbiota and later-life defenses against parasites
in frogs. Integr. Comp. Biol. 57, 732–742. (doi:10.
1093/icb/icx028)

37. Murphy KM, Le SM, Wilson AE, Warner DA. 2023 The
microbiome as a maternal effect: a systematic review
on vertical transmission of microbiota. Integr. Comp.
Biol. 63, 597–609. (doi:10.1093/icb/icad031)

38. Sarkar A et al. 2020 Microbial transmission in
animal social networks and the social microbiome.
Nat. Ecol. Evol. 4, 1020–1035. (doi:10.1038/s41559-
020-1220-8)

39. Kryštufek B, Tesakov AS, Lebedev VS, Bannikova AA,
Abramson NI, Shenbrot G. 2020 Back to the future: the
proper name for red-backed voles is Clethrionomys
tilesius and not Myodes pallas. Mammalia 84,
214–217. (doi:10.1515/mammalia-2019-0067)

40. Scholier T et al. 2023 Urban forest soils harbour
distinct and more diverse communities of
bacteria and fungi compared to less disturbed forest
soils. Mol. Ecol. 32, 504–517. (doi:10.1111/mec.
16754)

41. Stothart MR, Newman AEM. 2021 Shades of grey:
host phenotype dependent effect of urbanization on
the bacterial microbiome of a wild mammal. Anim.
Microb. 3, 46. (doi:10.1186/s42523-021-00105-4)

42. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D,
Lozupone CA, Turnbaugh PJ, Fierer N, Knight R.
2011 Global patterns of 16S rRNA diversity at a
depth of millions of sequences per sample. Proc.
Natl Acad. Sci. USA 108(Suppl. 1), 4516–4522.
(doi:10.1073/pnas.1000080107)

43. Bolyen E et al. 2019 Reproducible, interactive,
scalable and extensible microbiome data science
using QIIME 2. Nat. Biotechnol. 37, 852–857.
(doi:10.1038/s41587-019-0209-9)

44. Martin M. 2011 Cutadapt removes adapter
sequences from high-throughput sequencing reads.
EMBnet. J. 17, 1. (doi:10.14806/ej.17.1.200)

45. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson
AJA, Holmes SP. 2016 DADA2: high-resolution sample
inference from Illumina amplicon data. Nat. Methods
13, 581–583. (doi:10.1038/nmeth.3869)

46. Bokulich NA, Kaehler BD, Rideout JR, Dillon M,
Bolyen E, Knight R, Huttley GA, Caporaso JG. 2018
Optimizing taxonomic classification of marker-gene
amplicon sequences with QIIME 2’s q2-feature-
classifier plugin. Microbiome 6, 90. (doi:10.1186/
s40168-018-0470-z)

47. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T,
Yarza P, Peplies J, Glöckner FO. 2012 The SILVA
ribosomal RNA gene database project: improved data
processing and web-based tools. Nucl. Acids Res. 41,
D590–D596. (doi:10.1093/nar/gks1219)

48. Weiss S et al. 2017 Normalization and microbial
differential abundance strategies depend upon data
characteristics. Microbiome 5, 27. (doi:10.1186/
s40168-017-0237-y)

49. Price MN, Dehal PS, Arkin AP. 2010 FastTree 2 –
approximately maximum-likelihood trees for large
alignments. PLoS ONE 5, e9490. (doi:10.1371/
journal.pone.0009490)

50. Bokulich NA, Dillon MR, Zhang Y, Rideout JR, Bolyen
E, Li H, Albert PS, Caporaso JG. 2018 q2-
longitudinal: Longitudinal and paired-sample
analyses of microbiome data. mSystems 3, e00219-
18. (doi:10.1128/msystems.00219-18)

51. R Core Team. 2020 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See https://
www.r-project.org/.

52. McMurdie PJ, Holmes S. 2013 Phyloseq: an R
package for reproducible interactive analysis and
graphics of microbiome census data. PLoS ONE 8,
e61217. (doi:10.1371/journal.pone.0061217)

53. Oksanen J et al. 2020 vegan: Community ecology
package. See https://cran.r-project.org/package=
vegan.

54. Kuznetsova A, Brockhoff PB, Christensen RHB.
2017 lmerTest package: tests in linear mixed
effects models. J. Stat. Softw. 82, 1–26. (doi:10.18637/
jss.v082.i13)

55. Stothart MR, Palme R, Newman AEM. 2019 It’s
what’s on the inside that counts: stress physiology
and the bacterial microbiome of a wild urban
mammal. Proc. R. Soc. B 286, 20192111. (doi:10.
1098/rspb.2019.2111)

56. French SS, Fokidis HB, Moore MC. 2008 Variation in
stress and innate immunity in the tree lizard
(Urosaurus ornatus) across an urban–rural gradient.
J. Comp. Physiol. B 178, 997–1005. (doi:10.1007/
s00360-008-0290-8)

57. Costello EK, Stagaman K, Dethlefsen L, Bohannan
BJM, Relman DA. 2012 The application of ecological
theory toward an understanding of the human
microbiome. Science 336, 1255–1262. (doi:10.1126/
science.1224203)

58. Zaneveld JR, McMinds R, Vega Thurber R. 2017
Stress and stability: applying the Anna Karenina
principle to animal microbiomes. Nat. Microbiol. 2,
17121. (doi:10.1038/nmicrobiol.2017.121)

59. Mazza V, Dammhahn M, Lösche E, Eccard JA. 2020
Small mammals in the big city: behavioural
adjustments of non-commensal rodents to urban
environments. Glob. Change Biol. 26, 6326–6337.
(doi:10.1111/gcb.15304)

60. O’Mahony SM, Marchesi JR, Scully P, Codling C,
Ceolho AM, Quigley EMM, Cryan JF, Dinan TG. 2009
Early life stress alters behavior, immunity, and
microbiota in rats: implications for irritable bowel
syndrome and psychiatric illnesses. Biol. Psychiatry
65, 263–267. (doi:10.1016/j.biopsych.2008.06.026)

61. Yoo JY, Groer M, Dutra SVO, Sarkar A, McSkimming
DI. 2020 Gut microbiota and immune system
interactions. Microorganisms 8, 1587. (doi:10.3390/
microorganisms8101587)

62. Maurice CF, Knowles SCL, Ladau J, Pollard KS, Fenton
A, Pedersen AB, Turnbaugh PJ. 2015 Marked seasonal
variation in the wild mouse gut microbiota. ISME J.
9, 2423–2434. (doi:10.1038/ismej.2015.53)

63. Koivula M, Koskela E, Mappes T, Oksanen TA. 2003
Cost of reproduction in the wild: manipulation of
reproductive effort in the bank vole. Ecology 84,
398–405. (doi:10.1890/0012-9658(2003)084[0398:
CORITW]2.0.CO;2)

64. Liesenjohann T, Liesenjohann M, Trebaticka L, Sundell J,
Haapakoski M, Ylönen H, Eccard JA. 2015 State-
dependent foraging: lactating voles adjust their foraging
behavior according to the presence of a potential nest
predator and season. Behav. Ecol. Sociobiol. 69,
747–754. (doi:10.1007/s00265-015-1889-x)

65. Crespin L, Verhagen R, Stenseth NC, Yoccoz NG,
Prévot-Julliard AC, Lebreton JD. 2002 Survival in
fluctuating bank vole populations: seasonal and
yearly variations. Oikos 98, 467–479. (doi:10.1034/j.
1600-0706.2002.980311.x)

66. McKenzie VJ et al. 2017 The effects of captivity on
the mammalian gut microbiome. Integr. Comp. Biol.
57, 690–704. (doi:10.1093/icb/icx090)

67. Alberdi A, Bideguren GM, Aizpurua O. 2021
Diversity and compositional changes in the gut
microbiota of wild and captive vertebrates: a meta-
analysis. Scient. Rep. 11, 22660. (doi:10.1038/
s41598-021-02015-6)

68. Dallas JW, Warne RW. 2022 Captivity and animal
microbiomes: potential roles of microbiota for
influencing animal conservation. Microb. Ecol. 85,
820–838. (doi:10.1007/s00248-022-01991-0)

69. Carthey AJR, Blumstein DT, Gallagher RV, Tetu SG,
Gillings MR. 2019 Conserving the holobiont. Funct.
Ecol. 34, 764–776. (doi:10.1111/1365-2435.13504)

70. van Leeuwen P, Mykytczuk N, Mastromonaco GF,
Schulte-Hostedde AI. 2020 Effects of captivity, diet,
and relocation on the gut bacterial communities of
white-footed mice. Ecol. Evol. 10, 4677–4690.
(doi:10.1002/ece3.6221)

71. Murray MH, Lankau EW, Kidd AD, Welch CN, Ellison T,
Adams HC, Lipp EK, Hernandez SM. 2020 Gut
microbiome shifts with urbanization and potentially
facilitates a zoonotic pathogen in a wading bird. PLoS
One 15, e0220926. (doi:10.1371/journal.pone.0220926)

72. Risely A, Müller-Klein N, Schmid DW, Wilhelm K,
Clutton-Brock TH, Manser MB, Sommer S. 2023
Climate change drives loss of bacterial gut
mutualists at the expense of host survival in wild
meerkats. Glob. Change Biol. 29, 5816–5828.
(doi:10.1111/gcb.16877)

https://doi.org/10.1111/mec.15369
https://doi.org/10.1111/mec.15369
http://dx.doi.org/10.1038/ncomms13699
http://dx.doi.org/10.1371/journal.pone.0181427
http://dx.doi.org/10.1371/journal.pone.0181427
http://dx.doi.org/10.1038/nrmicro1978
http://dx.doi.org/10.1038/s41467-017-00119-0
https://doi.org/10.1093/icb/icx028
https://doi.org/10.1093/icb/icx028
https://doi.org/10.1093/icb/icad031
https://doi.org/10.1038/s41559-020-1220-8
https://doi.org/10.1038/s41559-020-1220-8
https://doi.org/10.1515/mammalia-2019-0067
http://dx.doi.org/10.1111/mec.16754
http://dx.doi.org/10.1111/mec.16754
https://doi.org/10.1186/s42523-021-00105-4
https://doi.org/10.1073/pnas.1000080107
http://dx.doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1128/msystems.00219-18
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1371/journal.pone.0061217
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1098/rspb.2019.2111
https://doi.org/10.1098/rspb.2019.2111
https://doi.org/10.1007/s00360-008-0290-8
https://doi.org/10.1007/s00360-008-0290-8
https://doi.org/10.1126/science.1224203
https://doi.org/10.1126/science.1224203
http://dx.doi.org/10.1038/nmicrobiol.2017.121
https://doi.org/10.1111/gcb.15304
https://doi.org/10.1016/j.biopsych.2008.06.026
https://doi.org/10.3390/microorganisms8101587
https://doi.org/10.3390/microorganisms8101587
http://dx.doi.org/10.1038/ismej.2015.53
http://dx.doi.org/10.1890/0012-9658(2003)084[0398:CORITW]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2003)084[0398:CORITW]2.0.CO;2
http://dx.doi.org/10.1007/s00265-015-1889-x
http://dx.doi.org/10.1034/j.1600-0706.2002.980311.x
http://dx.doi.org/10.1034/j.1600-0706.2002.980311.x
https://doi.org/10.1093/icb/icx090
https://doi.org/10.1038/s41598-021-02015-6
https://doi.org/10.1038/s41598-021-02015-6
https://doi.org/10.1007/s00248-022-01991-0
https://doi.org/10.1111/1365-2435.13504
https://doi.org/10.1002/ece3.6221
http://dx.doi.org/10.1371/journal.pone.0220926
https://doi.org/10.1111/gcb.16877


royalsocietypublishing.org/jou

10

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

21
 F

eb
ru

ar
y 

20
24

 

73. Zhu L, Wu Q, Dai J, Zhang S, Wei F. 2011 Evidence
of cellulose metabolism by the giant panda gut
microbiome. Proc. Natl Acad. Sci. USA 108,
17 714–17 719. (doi:10.1073/pnas.1017956108)

74. Kohl KD, Stengel A, Dearing MD. 2016 Inoculation of
tannin-degrading bacteria into novel hosts increases
performance on tannin-rich diets. Envir. Microbiol.
18, 1720–1729. (doi:10.1111/1462-2920.12841)

75. Worsley SF, Davies CS, Mannarelli ME, Hutchings MI,
Komdeur J, Burke T, Dugdale HL, Richardson DS.
2021 Gut microbiome composition, not
alpha diversity, is associated with survival
in a natural vertebrate population. Anim.
Microbiome 3, 84. (doi:10.1186/s42523-021-
00149-6)

76. Bestion E, Jacob S, Zinger L, Di Gesu L, Richard M,
White J, Cote J. 2017 Climate warming reduces gut
microbiota diversity in a vertebrate ectotherm.
Nat. Ecol. Evol. 1, 0161. (doi:10.1038/s41559-
017-0161)
77. Scholier T, Lavrinienko A, Kallio ER, Watts PC,
Mappes T. 2023 Code for: Effects of past
and present habitat on the gut microbiota of
a wild rodent. Zenodo. (doi:10.5281/zenodo.
10411165)

78. Scholier T, Lavrinienko A, Kallio ER, Watts PC,
Mappes T. 2024 Effects of past and present
habitat on the gut microbiota of a wild
rodent. Figshare. (doi:10.6084/m9.figshare.c.
7043062)
r
nal
/rspb
Proc.R.Soc.B

291:20232531

http://dx.doi.org/10.1073/pnas.1017956108
https://doi.org/10.1111/1462-2920.12841
https://doi.org/10.1186/s42523-021-00149-6
https://doi.org/10.1186/s42523-021-00149-6
http://dx.doi.org/10.1038/s41559-017-0161
http://dx.doi.org/10.1038/s41559-017-0161
http://dx.doi.org/10.5281/zenodo.10411165
http://dx.doi.org/10.5281/zenodo.10411165
http://dx.doi.org/10.6084/m9.figshare.c.7043062
http://dx.doi.org/10.6084/m9.figshare.c.7043062

