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Deforestation has detrimental consequences on biodiversity, affecting species
interactions at multiple scales. The associations among vertebrates, pathogens
and their commensal/symbiotic microbial communities (i.e. microbiomes)
have important downstream effects for biodiversity conservation, yet we
know little about how deforestation contributes to changes in host microbial
diversity and pathogen abundance. Here, we tested the effects of landcover,
forest connectivity and infection by the chytrid fungus Batrachochytrium
dendrobatidis (Bd) on amphibian skin bacterial diversity along deforestation
gradients in Brazilian landscapes. If disturbance to natural habitat alters skin
microbiomes as it does in vertebrate host communities, then we would
expect higher host bacterial diversity in natural forest habitats. Bd infection
loads are also often higher in these closed-canopy forests, which may in turn
impact skin-associated bacterial communities. We found that forest corridors
shaped composition of host skin microbiomes; high forest connectivity
predicted greater similarity of skin bacterial communities among host popu-
lations. In addition, we found that host skin bacterial diversity and Bd loads
increased towards natural vegetation. Because symbiotic bacteria can poten-
tially buffer hosts from Bd infection, we also evaluated the bi-directional
microbiome-Bd link but failed to find a significant effect of skin bacterial
diversity reducing Bd infections. Although weak, we found support for Bd
increasing bacterial diversity and/or for core bacteria dominance reducing
Bd loads. Our research incorporates a critical element in the study of host
microbiomes by linking environmental heterogeneity of landscapes to the
host—pathogen—microbiome triangle.

1. Introduction

Symbiotic microbial communities can protect their hosts from diseases by directly
inhibiting pathogens or increasing host immune capacity [1]. At the same time,
invading pathogens can alter the structure of these microbiomes [2,3], potentially
reducing host fitness and their ability to fight recurrent or novel infections [4].
These complex multi-species interactions are likely influenced by environmental
conditions [5]. Although multiple studies have described links between micro-
bial species composition and wildlife diseases [6-8], landscape-level studies
focused on the host—pathogen—microbiome responses to environmental change
are few and sorely needed to understand and manage the accelerated declines
of animal populations.

Loss of natural vegetation is one of the largest human-induced threats to
biodiversity [9]. Habitat disturbances lead to simplified trophic networks and
lower functional redundancy in natural ecosystems [10], which often facilitate
biological invasions [11] and result in further detrimental effects on homogen-
ized communities [12]. For instance, depauperate animal communities often
show higher risk of disease due to mechanisms such as shifts in interactions
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among host species [13] or environmental stress affecting
both hosts and microbes [14,15]. Nonetheless, it is unclear
to what degree interactions among hosts, diversity of com-
mensal microbes, and pathogens change with deforestation.
Whether deforestation alters these interactions, and to what
extent those changes lead to further biodiversity loss, is a
challenge for modern conservation biology.

Amphibians are among the most threatened vertebrates
due to the dual impacts of anthropogenic habitat modification
[16,17] and the emerging fungal pathogen Batrachochytrium
dendrobatidis (Bd) [17-19] that has caused population declines
of hundreds of frog species globally [17]. Contrary to most
wildlife pathogens, Bd disproportionately impacts hosts in
pristine forests [19], creating a challenge for amphibian conser-
vation. Bd is a waterborne pathogen that infects the epidermal
tissue of amphibians and often disrupts their ability to osmo-
regulate [20]. Because amphibian skin microbes and Bd
may occupy the same microenvironment (epidermal tissue),
the amphibian skin microbiome could play a vital role in
host defences against Bd [21,22]. Recent studies have reported
strong inhibitory effects of particular bacterial species on Bd,
both in culture [23-25] and in vivo [6,7]. Bacterial diversity
was also linked to Bd suppression in experimentally assembled
biofilm communities [26]. By disrupting the amphibian skin,
Bd may also change host microbial communities. High Bd
infection loads may reduce the number of bacterial OTUs
in amphibian skin [2,3], though hosts infected with Bd
could increase microbial diversity by recruiting beneficial
bacteria [5]. Given the importance of the bi-directional link
between amphibian skin microbiome and Bd, there is an
urgent need to understand how environmental change
impacts the interaction between commensal and pathogenic
host microorganisms.

Here, we tested the impacts of deforestation, forest con-
nectivity and Bd infection loads on amphibian skin bacterial
diversity. We expect that habitat fragmentation will lower
overall host skin bacterial diversity and alter bacterial compo-
sition if microbiomes respond to reduced host-immune
capacity or are negatively affected by homogeneous vegeta-
tion and the harsher abiotic conditions of disturbed
habitats. In contrast, Bd infection loads tend to be higher in
amphibians from natural forests [19,27], which may either
decrease host bacterial diversity through disrupting amphi-
bian skin or increase diversity by leading hosts to recruit
beneficial bacteria in those habitats [2,3,5].

To evaluate mechanisms leading to changes in symbiotic
microbial diversity, we screened 20 populations of a habitat
generalist treefrog (Dendropsophus minutus) along two defor-
estation gradients in Brazil’s Atlantic forest. We determined
Bd infection loads on each individual frog and quantified
skin bacterial diversity using 165 rRNA amplicon sequen-
cing. Because biodiversity can buffer pathogens in natural
systems [13], we also investigated the potential effect of
host skin bacterial diversity on Bd. Microbiome-induced
resistance and pathogen-induced disturbance in amphibian
hosts are not mutually exclusive mechanisms that could
explain changes in host bacterial diversity [2]. Therefore, we
compared the fit of competing structural equation models
testing the effects of (i) skin bacterial diversity on Bd loads
and (ii) Bd loads on skin bacterial diversity. Combined, our
results provide a critical element to the study of micro-
biomes by considering environmental heterogeneity and its
consequences for host—pathogen—microbiome interactions.

2. Methods
(a) Field sampling

We sampled 10 populations of the golden lesser treefrog (Dendrop-
sophus minutus, Hylidae) in a landscape of Serra do Mar coastal
forest (hereafter Serra do Mar), State of Sao Paulo (23°20'S,
45°12' W), and 10 populations in a landscape of the Araucaria
Moist forest (Araucaria forest), State of Rio Grande do Sul
(29°24' S, 50°24’' W), Brazil [19]. Our focal landscapes show con-
trasting deforestation rates: Serra do Mar landscape harbours
large remnants of continuous natural forest (51.63% remaining
natural vegetation), whereas Araucaria forest shows high levels
of habitat loss and fragmentation (19.23% remaining natural
vegetation). Our focal amphibian host species breeds in ponds
during most of the year and, although no records of population
declines have been reported for this species, Bd has sublethal
impacts on D. minutus in the laboratory [28]. We captured 187 indi-
viduals (average of 9.3 + 3.65 s.d. frogs per pond), rinsed each frog
in the field with distilled water, and used sterile swabs to sample
host epidermis. To avoid DNA degradation during field collection
we preserved swabs in sterile vials containing 2.5 ml of 200 proof
ethanol for later Bd quantification and bacterial sequencing.

(b) Spatial data

We quantified per cent deforestation for each sampling location
based on high-resolution satellite images from 2010 (SPOT, 2-m
resolution). In each landscape, the selected study sites (ponds)
represented a gradient of natural vegetation cover. We calculated
the percentage of deforestation within a diameter of 300 m sur-
rounding each sampling site using ArcGIS 9.3.1 [29]. To avoid
effects of elevation and macroclimate, we chose landscapes with
low climatic and topographic variability (mean elevation + s.d.
of sampling sites for Serra do Mar = 929.9 + 71.4 m; for Araucaria
forest = 918.0 + 10.2 m). For the habitat connectivity analyses
among sampling locations we used the national land cover data-
base for Brazil (1:50 000 scale shapefiles; [30]) and used a binary
classification of natural and non-natural land cover. To avoid
biases due to seasonality, we sampled ponds continuously over
30 days in Serra do Mar, and 41 days in Araucaria forest in the
summer of 2009/2010.

(c) qPCR and bacterial sequencing

We extracted DNA from skin swabs using 50 pl PrepMan Ultra®
and screened samples for presence and infection intensity of Bd
using Tagman qPCR assays [31] with a Bd standard curve ranging
from 0.1 to 1000 zoospore genome equivalents. To build standard
curves we used Bd isolate CLFT023; a genotype from the global
panzootic lineage isolated from a Hylodes frog approximately
100 km from our Serra do Mar landscape [32].

To quantify bacterial diversity, we followed the Earth Micro-
biome Project protocol (v. 4.13 [33]) using DNA extracted from
skin swabs. We PCR-amplified the V4 region of the 165 rRNA
gene using universal primers 515F and 806R. We ran reactions in tri-
plicate and included a negative water control for each barcoded
primer. We included blank reactions with water instead of DNA
in each plate. Amplicons were visualized in 2% agarose gel,
pooled, and quantified using QuantiFluor (Promega, USA). Equi-
molar quantities from each sample (100 ng) were combined to
generate the amplicon library, and then cleaned using Agencourt
AMPure XP beads (Beckman Coulter, USA). We sequenced the
pooled library using Illumina MiSeq (2x 250 bp) at the Biotechnol-
ogy Research Center (BRC) Genomics Facility at Cornell University;
only forward reads were used for the analyses.

We used Quantitative Insights into Microbial Ecology v. 1.9.0
(QIIME) to split libraries and assign sequences into operational
taxonomic units (OTUs) [34] with default quality filtering
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parameters. We assigned OTUs using the open reference protocol
in QIIME, which clusters sequences against the Greengenes data-
base from May 2013, using uclust [35,36]; our final dataset was
limited to bacterial sequences only (no mitochondria or chloro-
plast sequences). We excluded samples with less than 10 K
reads and OTUs with fewer than 866 reads in coverage, based
on the 0.005% OTU threshold suggested by Bokulich et al. [37].
Although ethanol-based sample preservation can have mixed
effects on prokaryotic DNA quality [38], our coverage was excep-
tionally high. We normalized the OTU table using cumulative
sum scaling [39]. After all filtering steps, we detected a total of
638 bacterial OTUs and 132 core OTUs (present in 90% of our
samples). In addition, we used a database of bacterial sequences
with known functional activity against Bd [22] to identify puta-
tively inhibitory OTUs. We filtered this database to only
include sequences with known Bd-inhibitory function, and then
matched these OTUs to our OTU table at 97% sequence simi-
larity. We deposited the full database in Dryad (http://dx.doi.
org/10.5061/dryad.812rc) [40].

(d) Statistical analyses

To determine the role of spatial connectivity on similarity of
amphibian skin bacteria among our sampling locations, we used
two connectivity indices: Euclidean distance (minimum straight-
line distance between each pair of sampling populations) and a
spatial metric of forest connectivity. We calculated habitat con-
nectivity (natural forest habitat) among pairwise populations
by employing our land cover raster as resistance grid using
CIRCUITSCAPE v. 3.3 [41]. We coded low resistance pixels
(raster value =1) for natural forest cover and high resistance
pixels (raster value = 10) for non-natural vegetation cover. We
employed a cell connection scheme linking each node to four
neighbours. Spatial connectivity analyses weighed all possible
paths between pairs of sampling ponds and produced both pair-
wise resistance matrices and summary connectivity rasters. To
quantify microbiome similarity, we measured pairwise beta diver-
sity using both unweighted and weighted UniFrac distance
matrices after collapsing samples by site in QIIME. We used
simple and partial Mantel tests to correlate forest connectivity
and Euclidean distance matrices with OTU similarity (unweighted
and weighted UniFrac distance values) among pairwise sampling
populations using PASSAGE v. 2.0 [42].

We detected indicator OTUs by testing for differences in OTU
occurrence between hosts sampled in ponds with low (less than
45%) and high (more than 45%) natural forest cover for each land-
scape. To do this, we applied function multipatt implemented in R
package indicspecies [43], selected OTUs with high association
values (i.e. IndVal.g > 0.70, [24]), and visualized patterns with a
heatmap using R package phyloseq [44].

We used QIIME to compute the following measures of alpha-
diversity of skin bacterial communities: Faith’s phylogenetic diver-
sity of OTUs, OTU richness and Shannon diversity. We compared
Faith’s phylogenetic diversity of OTUs among hosts sampled
across deforestation gradients (continuous variable ranging from
0% to 100% natural vegetation) using generalized linear mixed
models (GLMMs), including landscape, the interaction between
per cent natural vegetation and landscape as fixed effects, and
sampling pond as random effect. We performed Pearson corre-
lations (r) between OTU'’s relative abundance and both Faith’s
phylogenetic diversity of OTUs and Bd infection loads (log)
across samples. We then reported Pearson’s r average (+95% CI)
of 90% core OTUs and tested whether Pearson’s r was associated
with OTU rank abundance using linear regressions (standard
least squares), independently, for Faith’s phylogenetic diversity
of OTUs and Bd infection loads. We repeated these analyses
using solely OTUs with known antifungal properties. To assess
the potential role of Bd recruiting beneficial bacteria we used
linear regressions with Bd loads (log) as the explanatory variable

and the number of OTUs with known anti-Bd properties [22] as n

the response variable; we repeated this analysis including both
Bd loads and Faith’s phylogenetic diversity as fixed effects. To
test the potential effect of beneficial bacteria suppressing Bd
loads we used linear regressions with the relative abundance of
anti-Bd OTUs as the explanatory variable and Bd loads (log) as
the response variable.

We used principal coordinate analysis (PCoA) to consolidate
information of bacterial community composition for amphibian
hosts using unweighted and weighted UniFrac distance matrices.
We then performed PermANOVAs to test for differences in skin
bacterial composition between Bd+ and Bd— hosts from the
best-sampled pond from each landscape.

We applied path analyses with maximum Wishart likelihood
(500 iterations) to test for the relative strength of direct and indirect
associations among infection loads, per cent natural vegetation
(continuous variable), and host skin bacterial diversity. We built
two competing models, and in both models we allowed natural veg-
etation to influence Bd infection loads, skin bacterial diversity
(Faith’s phylogenetic diversity) and bacterial community compo-
sition (PCoA Axis 1; unweighted UniFrac distances). In the first
model, we only allowed bacterial diversity and composition to pre-
dict Bd infection loads. In contrast, in the second model, we only
allowed Bd infection loads to predict bacterial diversity and compo-
sition. We compared the fit of these two contrasting models using
the root mean square error of approximation (RMSEA), and inferred
the direction of the relationship between Bd and skin bacterial diver-
sity. In both models we included latent variables (u) independently
explaining Faith’s phylogenetic diversity of OTUs, PCoA Axis 1 and
Bd infection loads. We controlled for sampling pond by adding its
random effect to all biotic variables in both models.

3. Results

(a) Spatial connectivity and skin microbiome similarity
among host populations

Reconstruction of land cover resistance in both study land-
scapes showed lower forest connectivity among ponds in
Araucaria forest (figure 1a) than in Serra do Mar (figure 1b).
We found that forest connectivity was positively correlated
with bacterial community similarity among amphibian popu-
lations from Araucaria forest when Euclidean distance
was held constant (unweighed UniFrac distances: » = 0.522,
p = 0.018; figure 1a). In this highly disturbed landscape, Eucli-
dean distance alone had no effect on bacterial community
similarity (r= —0.029, p = 0.436). Forest connectivity was
also positively correlated with bacterial community simila-
rity in Serra do Mar (r = 0.537, p = 0.019; figure 1b), while
Euclidean distance showed a negative non-significant trend
(r= —0.293, p = 0.071). In addition, forest connectivity was a
positive predictor of bacterial community similarity when
Euclidean distance was held constant in a partial Mantel test
(r = 0.475, p = 0.048; figure 1b). We performed additional par-
tial Mantel tests using weighted UniFrac distance matrices and
found non-significant associations between forest connectivity
and skin bacterial community similarity.

(b) Indicators of habitat quality using amphibian
skin bacteria

Amphibian skin microbial communities were dominated
by phylum Proteobacteria (more than 70%), and we found
similar proportions of the most abundant classes in both
Serra do Mar and Araucaria forest landscapes (electronic
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Figure 1. Pairwise forest connectivity and microbiome similarity (unweighed UniFrac distances—uud) of amphibian skin bacteria (OTUs) among 10 sampling
populations of Dendropsophus minutus in (a) Araucaria forest and (b) Serra do Mar landscapes. Maximum Euclidean distance between sampling populations

microbiome similarity (uud)
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forest connectivity
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for Serra do Mar (18.88 km) and Araucaria forest (21.33 km). (Online version in colour.)

supplementary material, figure S1). Multilevel pattern ana-
lyses identified 16 OTUs associated with habitat type in
Serra do Mar and only two OTUs in Araucaria forest (Agro-
bacterium sp. and Rhabdochlamydia sp.). In Serra do Mar, all
indicator OTUs were significantly associated with areas of
high natural forest cover (electronic supplementary material,
figure S2), further indicating an ordered loss of amphibian
skin bacterial diversity with increasing deforestation.

(c) Skin bacterial diversity and Bd across gradients

of habitat quality

Faith’s phylogenetic diversity of OTUs increased towards
areas of natural forest cover (f=2.88, B =0.026, p=0.010;
figure 2, electronic supplementary material, table S1); both
richness and Shannon diversity of OTUs showed a similar
non-significant trend of higher diversity in hosts from natural
habitats (electronic supplementary material, table S1).
Besides showing higher bacterial diversity, individual hosts
from areas of high natural vegetation also had average
higher Bd infection loads (f=2.79, B=0.009, p=0.014;
figure 2, electronic supplementary material, table S1).
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Figure 2. Skin bacterial diversity (Faith’s phylogenetic diversity of OTUs) in
individual frogs from areas of low (less than 45%) and high (more than 45%)
natural forest cover. Bd infection load data are overlaid in a size/colour-coded
gradient. Box plot depicts median (horizontal line) and the first and third
quartiles; vertical lines delimit the maximum and minimum values, except
for one outlier. (Online version in colour.)
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logenetic diversity of OTUs (a) and Bd infection loads (b) across individual
hosts. Ninety per cent core OTUs are shown in hollow symbols. OTUs with
potential anti-Bd properties are shown in red squares. (Online version in
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The relative abundance of D. minutus’ core microbiome
(90% core OTUs; N = 132) was, on average, negatively corre-
lated with both Faith’s phylogenetic diversity of OTUs
(B= —0.361, 95% CI = (—0.413, —0.309); figure 3a) and Bd
infection loads (B= —0.116, 95% CI=(-0.139, —0.093);
figure 3b); this pattern was consistent when considering
only core OTUs with known antifungal properties (Faith’s
phylogenetic diversity: (8= —0.517, 95% CI=(—0.683,
—0.351); figure 3a); Bd infection loads: (8= —0.181, 95%
CI = (—0.249, —0.113); figure 2a)). OTU relative abundance
positively predicted Faith’s phylogenetic diversity (8=
0.001, t=20.66, p <0.0001) and Bd infection loads (8=
0.0003, t = 13.11, p < 0.0001); this pattern was also consistent
when considering only core OTUs with known antifungal
properties (Faith’s phylogenetic diversity: (8=0.001, t=
5.70, p <0.0001); Bd infection loads: (8= 0.0005, t=4.76,
p < 0.0001)). Higher Bd loads marginally predicted an
increase in the number of anti-Bd OTUs per host (8= 0.567,
t =1.93, p = 0.055), though this trend disappeared when con-
trolling for Faith’s phylogenetic diversity of OTUs (8 = 0.229,
t=0.85, p=0.394). Furthermore, the relative abundance
of anti-Bd OTUs did not predict Bd infection loads
(B= —8957,t=—1.38, p=0.168).

Our PCoA ordinations (unweighted UniFrac distances)
showed that skin bacterial community composition signifi-
cantly differed between Bd+ and Bd— individuals from the
best-sampled pond in Araucaria forest (PermANOVA:
Fi16=13.75, R*=0.20, p=0.002; electronic supplementary
material, figure S3a), with a similar trend in Serra do Mar
(F1,10= 153, R*=10.15, p = 0.090; electronic supplementary
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Figure 4. Path analyses showing direct and indirect effects of natural veg-
etation on both amphibian skin microbiome and Bd. Model (a) shows the
relative strengths of natural vegetation (%) on skin bacterial diversity
(Faith’s phylogenetic diversity), skin bacterial composition (PCoA axis I;
unweighted UniFrac distances), and Bd loads (log—G.E.), including the
effect of Bd loads on both skin bacterial diversity and composition. Model
(b) includes the effects of skin bacterial diversity and composition on Bd
loads. Numbers are standardized path coefficients (*p << 0.05). Latent
(unmeasured) variables represented by ‘u’. The thickness of the arrows rep-
resents the relative strength of each relationship. Direct effect probabilities:
effect of skin bacterial diversity on Bd loads (p = 0.041); Bd loads on
skin bacterial diversity (p = 0.062). Non-significant paths are shown in
grey. (Online version in colour.)

material, figure S3b). We repeated these two PermANOVAs
using weighted UniFrac distance matrices and results
remained consistent. Land cover was also a good predictor
of PCoA axes I and II when entered as continuous variables
in GLMMs (electronic supplementary material, table S1).

(d) Direct and indirect effects of natural vegetation
on host skin microbiomes and Bd loads

Our most parsimonious path model indicated that higher
natural vegetation was linked to a significant increase in Bd
infection loads, which was in turn associated to an increase
in skin bacterial diversity (Faith’s phylogenetic diversity:
RMSEA = 0.122; figure 4a). Conversely, our second model
allowing causal effects of both bacterial diversity and compo-
sition on Bd loads did not show any significant association
among biotic variables (RMSEA = 0.138; figure 4b). In both
models we found a strong direct effect of natural vegetation
increasing skin bacterial diversity and altering composition;
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we detected a weaker association between skin bacterial
diversity and Bd.

4. Discussion

We showed that spatial connectivity among natural habitats
leads to increased similarity of amphibian skin bacterial commu-
nities and that bacterial diversity is higher in frogs from natural
than disturbed habitats. These results indicate that corridors of
natural vegetation maintain movement of amphibian-associated
bacteria through their hosts and/or the environment. Our data
also showed that the observed higher skin microbial diversity
in continuous natural habitats could be linked to higher Bd
loads in closed-canopy forests. Taken together, our results con-
firm our predictions that habitat quality and connectivity may
impact the interaction between Bd and host skin microbiomes,
underscoring the complexity of host—pathogen dynamics in
fragmented landscapes. Combined, our findings highlight the
importance of environmental change and the spatial context
on the host—pathogen—microbiome triangle.

Deforestation often leads to fragmentation and reduced
habitat connectivity [45], both of which are linked to genetic
erosion and biodiversity loss at multiple scales [46]. The distri-
butions of hosts and associated microbes are expected to
respond to habitat change at different spatial scales [47,48].
Nonetheless, the effects of habitat change may cascade down
from hosts to their skin microbiomes due to shifts in host’s
habitat use and immune capacity. Our focal host species
likely uses a much more diverse array of microenvironments
(e.g. arboreal, aquatic, terrestrial) in natural (complex) than in
disturbed (homogeneous) habitats, which may translate
in exposure to a broader suite of microbial taxa from natural
habitats that is able to colonize amphibian skin. Additionally,
canopy removal creates harsher microclimates that may
exclude several groups of bacteria the same way it reduces Bd
[19]. Thus, it is plausible that more bacterial OTUs are present
in forests than in disturbed and homogenized environments
due to specific abiotic conditions, and this alone could in
turn result in the observed higher diversity of skin bacteria
in hosts from natural habitats.

In agreement with the above prediction, we found that
increased forest connectivity was linked to high skin bacterial
similarity among pairs of host populations when analysing
with unweighted distance matrices. Habitat connectivity was
a much better predictor of similarity between skin bacterial
communities than Euclidean distance, indicating that habitat
quality is key for bacterial community assembly and/or filter-
ing. Nonetheless, we observed a non-significant effect of forest
connectivity on bacterial community similarity when analys-
ing our weighted matrix data. These findings indicate that
forest connectivity could determine whether a species of bac-
teria can persist or not (unweighted data), though the impact
of habitat quality on OTU relative abundance (weighted
data) may be more diffuse. For instance, our analyses revealed
16 skin bacterial OTUs that were always found in amphibians
from continuous natural forests, contrasting with zero OTUs
unique to neighbouring areas of disturbed vegetation. These
results highlight that habitat loss and fragmentation may
reduce similarity and diversity of host microbiomes through
filtering out several host skin bacteria.

A second possibility is that host genetics may directly
impact selection for skin bacteria, and thus microbiome struc-
ture might mirror host population genetics from natural and

disturbed habitats. Although we do not have direct measures n

of genetic diversity for our focal populations, we think that
strong genetic differentiation by distance/resistance at this
sampling scale is unlikely [49]. Our host species is found in
equally high abundances in both natural and disturbed
environments and does not appear to be limited in gene
flow by barriers in these landscapes. Nonetheless, a study
of fine-scale population genetic diversity and microbial diver-
sity would be fruitful. Combined, our results show that
declines in alpha diversity and pairwise similarity of amphi-
bian skin bacteria are parallel to what has been reported
for vertebrate communities in fragmented habitats [45,50],
indicating a consistency across spatial scales perceived
by vertebrate hosts and their associated microorganisms.

Mounting evidence supports the pattern that biodiversity
loss increases disease risk [13]. However, we are just beginning
to focus on whether the diversity of host microbial com-
munities might afford a protective role against pathogen
infections [3,26,51-54]. Diversity is expected, on average, to
give rise to ecosystem stability [10-12]. Analogously, diversity
of commensal microbial species may be positively correlated
with host health [51,52]. Although OTU richness may suppress
Bd growth in biofilm communities [26], previous experimental
studies using live amphibians so far failed to find a clear effect
of bacterial OTU richness on Bd infection loads [2,53,55]. Fur-
thermore, a field-based study focusing on a congener host
from Panama found no association between the number of bac-
terial OTUs and Bd [56]. While variance partitioning in our
path analyses did not show a significant effect of bacterial
diversity on Bd infection loads, it pointed to a weak but signifi-
cant effect of Bd increasing amphibian skin bacterial diversity
(figure 4). Furthermore, our PermANOVAs indicate that Bd is
a strong predictor of bacterial composition independent of
land cover. Therefore, the impact of Bd on skin bacteria
might be stronger than the effect of bacterial diversity buffering
Bd infections in our focal host species. These results, however,
should be interpreted with caution due to the correlative nature
of our data and also because our path models indicated
that land cover had a stronger impact than Bd on host skin
bacterial diversity.

Bd-infected hosts may increase host microbial diversity by
recruiting protective bacteria with antifungal properties [3,5].
We found a positive non-significant trend between number
of anti-Bd OTUs and Bd infection loads, indicating that frogs
highly infected with Bd may recruit anti-Bd bacteria. However,
our results showed that this association was confounded by
OTU diversity because diverse microbiomes are expected to
have a larger number of anti-Bd OTUs than depauperate micro-
biomes. The relative abundance of these anti-Bd OTUs was also
not a good predictor of Bd loads. Furthermore, the abundances
of core and non-core OTUs showed similar correlations with Bd
loads using either the full dataset or just the anti-Bd OTUs.
Although our results may indicate that common and abundant
bacteria may reduce Bd loads, and/or that Bd may recruit rare
beneficial bacteria, the OTU rank abundance was also tightly
correlated with bacterial diversity across our samples. This pat-
tern may be due to the expected (and observed) inverse
correlation between OTU diversity and dominance, and not
necessarily due to Bd recruiting skin bacteria.

Alternatively, Bd infection often leads to immunosuppres-
sion in the host [57,58], which could promote colonization
and/ or proliferation of opportunistic and pathogenic bacteria,
leading to changes in skin bacterial diversity in amphibians.
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Contrary to our findings, recent studies found lower skin bac-
terial richness on amphibian hosts highly infected with Bd
at the same time that bacterial dominance increased with
infection loads [2,3,5,55]. Over time, a destabilized microbial
community could well be dominated by strong competitors,
which could possibly lead to a sharp drop in skin bacterial
diversity in advanced stages of chytridiomycosis. Our contrast-
ing findings are likely a result of higher tolerance of D. minutus
to the local Bd genotype(s) compared to species that
have declined due to Bd in the wild. The Antillean frog
Eleutherodactylus coqui is more susceptible to local Bd isolates
than our focal host D. minutus after being experimentally
infected in the laboratory [28,59,60], indicating that opportu-
nistic bacteria in E. coqui may become dominant, and lead to
a reduction of skin bacterial diversity when infected with Bd.
A recent study demonstrated that our focal host species
showed thickening of the skin when infected with a locally
endemic Bd strain [28], which could create a complex skin
environment for bacterial colonization. Furthermore, E. coqui
experimentally infected with Bd reduced OTU richness
immediately after skin shedding [5]. These findings suggest
that non-clinical chytridiomycosis may lead to a thicker and
more complex skin environment where multiple groups of bac-
teria could thrive, whereas high infection loads of clinical
chytridiomycosis may increase rates of skin shedding [61]
with likely negative effects on symbiotic skin microbes.

In conclusion, our data demonstrate that host microbial
diversity and composition can respond to anthropogenic
habitat modification at the landscape scale. Our data also
showed that the interaction between deforestation and patho-
gen infections could impact host microbial diversity. Given
the correlative nature of the bi-directional link between host
skin microbiomes and Bd, manipulative studies will be key to
effectively test whether and under what circumstances
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