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ABSTRACT
The amphibian skin microbiome has been the focus of recent studies aiming to
better understand the role of these microbial symbionts in host defense against
disease. However, host-associated microbial communities are complex and
dynamic, and changes in their composition and structure can influence their
function. Understanding temporal variation of bacterial communities on
amphibian skin is critical for establishing baselines from which to improve the
development of mitigation techniques based on probiotic therapy and provides
long-term host protection in a changing environment. Here, we investigated
whether microbial communities on amphibian skin change over time at a single
site. To examine this, we collected skin swabs from two pond-breeding species of
treefrogs, Agalychnis callidryas and Dendropsophus ebraccatus, over 4 years at a
single lowland tropical pond in Panamá. Relative abundance of operational
taxonomic units (OTUs) based on 16S rRNA gene amplicon sequencing was used
to determine bacterial community diversity on the skin of both treefrog species. We
found significant variation in bacterial community structure across long and
short-term time scales. Skin bacterial communities differed across years on both
species and between seasons and sampling days only in D. ebraccatus. Importantly,
bacterial community structures across days were as variable as year level
comparisons. The differences in bacterial community were driven primarily by
differences in relative abundance of key OTUs and explained by rainfall at the time
of sampling. These findings suggest that skin-associated microbiomes are highly
variable across time, and that for tropical lowland sites, rainfall is a good predictor
of variability. However, more research is necessary to elucidate the significance of
temporal variation in bacterial skin communities and their maintenance for
amphibian conservation efforts.
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INTRODUCTION
Host-associated microbial communities promote health and fitness for animal and plant
hosts alike. Although a healthy microbiome is yet to be defined, assessing the stability of
microbial communities, their impact on host fitness and their response to disturbances
at different spatio-temporal scales have become fundamental issues in microbial ecology
(Antwis et al., 2017). However, measuring natural temporal variation in the microbiome
can be daunting, despite emergent technologies for DNA sequencing and advanced
computational tools (Arnold, Roach & Azcarate-Peril, 2016). Challenges include
determining the necessary frequency of sampling, detecting, measuring and gauging the
impact of ecosystem disturbance and tackling difficulties in the analysis of large time-series
data (Gerber, 2014). Additionally, the environmental scales over which community
change occurs still need to be determined (Shade et al., 2013). The latter represents one of the
greatest challenges in the study of symbionts associated with free-living wildlife hosts.
Depending on the host species and habitat type, survey efforts and physical monitoring
may lack the temporal resolution to capture rapid community changes (Shade et al.,
2013) and to disentangle the effect of environmental variables on the microbiome.

The relevance of temporal scale on variation of host-associated microbial communities
has been mostly studied in human and model organisms (reviewed by Robinson,
Bohannan & Young, 2010). In free-living wildlife, studies are limited, but, for example,
recent field surveys combined with transplant experiments in wild Pacific oysters revealed
temporal stability of their microbiome maintained across months (Lokmer et al., 2016).
Amphibian studies generally suggest that longitudinal changes in skin microbiome occur
during life stage transitions, especially from larvae to adults (Kueneman et al., 2014;
Longo et al., 2015; Sabino-Pinto et al., 2017) and in adults, with transitions from aquatic to
terrestrial environments (Bletz et al., 2017). These transitions in microbial community
composition are likely correlated with marked shifts in environmental factors associated
with the life stages or microhabitats. As in other ectotherms (e.g., lizards, Bestion et al., 2017),
seasonal shifts in temperature are of the strongest drivers known to impact amphibian-
associated microbial communities, having been observed in both tadpoles (Kohl &
Yahn, 2016) and adults (Bletz et al., 2017; Longo & Zamudio, 2017). Moreover, amphibians
tend to host skin communities that are unique to each host species, even when living in
the same habitat and experiencing the same environmental conditions (McKenzie et al.,
2012; Kueneman et al., 2014; Walke et al., 2014; Belden et al., 2015; Vences et al., 2016;
Sabino-Pinto et al., 2017). Our understanding of the relative importance of fluctuation in
other environmental variables, such as moisture, on skin-associated microbial communities
remains poorly understood, especially for terrestrial ectotherms (Bird et al., 2018; but see
Varela et al., 2018).

We sampled the skin of red-eye tree frog (Agalychnis callidryas) and hourglass
frog (Dendropsophus ebraccatus), two of the most abundant, common and sympatric
pond-breeding amphibian species in the Neotropics (Donnelly & Guyer, 1994) to examine
how time scale and environmental conditions, specifically rainfall and temperature, affect
their skin-associated bacterial communities. In this study, we: (1) described amphibian

Estrada et al. (2019), PeerJ, DOI 10.7717/peerj.7044 2/20

http://dx.doi.org/10.7717/peerj.7044
https://peerj.com/


skin bacterial communities at three different time scales: years, seasons and days,
(2) identified the bacterial taxa driving variation at different time scales, and (3) addressed
potential links between temporal changes on skin bacterial communities and rainfall
events or temperature shifts at the lowland tropical pond where samples were collected. By
temporally assessing variation in host-associated microbial communities and identifying
the environmental variables linked with such shifts, we can better understand factors
that impact the structure of skin bacterial communities.

MATERIALS AND METHODS
Study site and field survey
We collected skin samples of adult A. callidryas and D. ebraccatus at a single pond to
examine long-term (annual and seasonal) and short-term (sampling day) variation in the
skin bacterial communities. The study site, Ocelot Pond at Parque Nacional Soberanía,
Panamá (50 m elevation), is a lowland, permanent, rain-fed pond. Ocelot Pond lies in
seasonal moist forest characterized by a pronounced dry season from mid-December to
mid-April/early May, and an extended wet season (Condit et al., 2001). The region
receives approximately 2,700 mm of rain per year. On average, only about 300 mm of rain
falls during the dry season. Temperatures vary relatively little throughout the year
(average annual temperature = 26.3 ± 0.54 �C). We obtained daily average precipitation and
air temperature measurements from the Physical Monitoring Program of the Smithsonian
Tropical Research Institute (STRI).

We took one sample of skin bacterial communities from each individual of red-eyed
treefrogs, A. callidryas, (N = 48) and hourglass treefrogs, D. ebraccatus, (N = 49)
using sterile skin swabs as described in detail by Walke et al. (2015) and Belden et al.
(2015). Swabs were placed individually in 1.5 ml sterile microcentrifuge tubes and were
then stored at -80 �C until processing. Most animals were released on site immediately
after sampling, except for individuals captured in 2013 (Table 1), which were used
later in an experiment. Animal use was approved by the Institutional Animal Care and
Use Committees of Virginia Tech (11-105-BIOL and 13-097-BIOL) and the Smithsonian
Tropical Research Institute (2011-1110-2014 and 2013-0401-2016-A3), and was
completed with permission from the Ministerio de Ambiente in Panamá (SE/A-47-12,
SEX/A-65-12, SEX/A-77-12, SEX/A-89-12 and SEX/A-113-13).

DNA extraction and sequencing
DNA was extracted from swabs using the Qiagen DNeasy blood and tissue kit (Valencia,
CA, USA), with an initial incubation step with lysozyme of 1 h at 37 �C. Relative
abundance of operational taxonomic units (OTUs, which approximate bacterial species)
based on 16S rRNA gene amplicon sequencing was used to assess bacterial community
structure. For the community characterization, the V4 region of the 16S rRNA gene was
amplified using the primers 515F and individually barcoded 806R (Caporaso et al., 2012).
PCRs were run in triplicate, pooled and visualized on a 1% agarose gel, and quantified
using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA). These samples were
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included in seven different sequencing runs. For each run, PCR products (200 ng/sample)
were pooled to make a composite sample and cleaned with the QIAquick PCR Purification
Kit (Qiagen, Valencia, CA, USA). Final pooled samples were sent for sequencing on an
Illumina MiSeq platform using the 250 bp paired-end (2013 samples) or single-end (2012,
2014 and 2015 samples) strategy at the Dana-Farber Cancer Institute of Harvard University.

Raw forward sequences from the Illumina 16S rRNA gene amplicon sequencing
from the seven sequencing runs were processed and quality-filtered using the default
parameters of the quantitative insights into microbial ecology pipeline (QIIME, v. 1.9.1;
Caporaso et al., 2010a), with the exception that we allowed for no errors in the barcodes, the
minimum Phred quality score (q) was 20, we increased the number of minimum consecutive
low-quality base calls allowed before truncating a read (r) to 10, and decreased the
fraction of the minimum number of consecutive high-quality base calls to include a read
(p) to 0.5. Sequences were clustered into OTUs based on a 97% similarity threshold using
the UCLUST method (Edgar, 2010), and representative OTUs were the most abundant
sequence within the cluster. Representative sequences were aligned to the Greengenes 13_8
reference database (DeSantis et al., 2006) using PyNAST (Caporaso et al., 2010b) and
assigned taxonomy using the RDP classifier (Wang et al., 2007). Prior to statistical analyses,
we removed all OTUs with less than 0.01% of the total number of sequences (Bokulich et al.,
2013), as well as all Archaea, chloroplast, and mitochondrial sequences. Then the dataset
was rarefied at a depth of 11,500 reads/sample. The final dataset after rarefaction included
97 samples, with a range of 128–344 OTUs/sample.

Data analysis and statistical methods
Overview
Temporal variation in bacterial community diversity (alpha diversity) and community
structure (beta diversity) in A. callidryas and D. ebraccatus was evaluated at three time

Table 1 Sample sizes for field surveys assessing temporal differences in amphibian skin-associated bacterial communities on Agalychnis
callidryas and Dendropsophus ebraccatus.

Sampling year Sampling season Sampling day Time scale analysis Agalychnis callidryas Dendropsophus ebraccatus

2012 Wet 29-Aug-12 y 10 10

2013 Wet 14-Jun-13 y 10 10

2014 Wet 9-Jun-14 y/s/d 3

2014 Wet 27-Jul-14 y/s/d 6 2

2014 Wet 28-Jul-14 y/s/d 4 5

2014 Dry 21-Dec-14 s 3

2014 Dry 22-Dec-14 s 4

2014 Dry 30-Dec-14 s 2

2015 Dry 11-Mar-15 s 4

2015 Dry 15-Mar-15 s 6

2015 Wet 28-Jun-15 y/s/d 9

2015 Wet 25-Jul-15 y/s/d 9

Note:
Time scale analysis indicates when samples were used in analysis of variation sampling years (y), seasons (s) or days (d) for each treefrog species.
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scales (Table 1). Larger temporal scales were assessed with annual and seasonal variation;
one shorter temporal scale was assessed across sampling days. Annual variation was
assessed using samples of A. callidryas and D. ebraccatus collected in June or July from
2012 to 2015 (N = 39 individuals per species total across the 4 years). Seasonal variation
was assessed by comparing A. callidryas (N = 19) and D. ebraccatus (N = 19) sampled
between the dry and wet seasons (A. callidryas: December 2014 and July 2014;
D. ebraccatus: March 2015 and July 2015). Daily temporal variation was assessed with a
subset of samples from 2014 to 2015 using individuals that were sampled within days
of one another. If analyses indicated differences among years, we subsequently identified
the OTUs driving those differences. We used indicator species analysis to identify the
OTUs exclusively associated with a specific time point as well as those found across all frogs
from each species at every sampling year (core microbiome). Finally, we examined
associations between temporal variation in the skin microbiome and environmental
variables (temperature and rainfall) using climate data obtained from the STRI.
Amplicon sequences from the 2012 survey were deposited in the NCBI Sequence Read
Archive (study accession number: SRP062596) as part of Belden et al. (2015), and
sequences from 2013 were deposited in PRJNA504463. The remainder of the sequences
was submitted as part of the present study in PRJNA504466. All statistical analyses were
conducted in R v. 3.3.3 (R Development Core Team, 2017) using the vegan package
(v. 2.4-5; Oksanen et al., 2017) unless noted otherwise.

Temporal variation in alpha and beta diversity on different time scales
Differences in alpha diversity across years, seasons and days were individually tested using
OTU richness (estimated as the total number of OTUs per individual frog), Faith’s
phylogenetic diversity and the Shannon index, which accounts for species abundance and
evenness. These metrics were computed with QIIME 1.9 (Caporaso et al., 2010a) and
were fitted to generalized linear models (GLMs) for each species with year, season and
sampling day as fixed effects. GLMs were run separately for each temporal scale. OTU
richness analyses were performed with a negative binomial error distribution (function
glm.nb, package MASS, Venables & Ripley, 2002), while Faith’s phylogenetic diversity
and the Shannon index were performed with a gamma error distribution (function glm,
package lme4, Bates et al., 2015). The reported test statistic was Chi-Square (X2).
Lastly, post hoc multiple comparisons of years and sampling days were conducted with
Tukey tests (function glht, package multcomp, Hothorn, Bretz & Westfall, 2008).

Permutational multivariate analyses of variance (PERMANOVA, function adonis)
and homogeneity of multivariate dispersion (PERMUTEST, function betadisper) were
performed to determine if differences in bacterial community structure (location)
and variability (dispersion) were explained by temporal variation. Pairwise comparisons
using Tukey’s honest significance difference method were conducted on the betadisper
distances. Bray–Curtis dissimilarities, based on OTU relative abundance data, were
visualized with principal coordinate analysis. Results from the Jaccard dissimilarity
distance matrix, which is based on OTU presence/absence, showed a similar pattern.
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When PERMANOVA results suggested significant differences between skin-associated
bacterial communities on frogs through time, indicator species analyses (function IndVal,
package labdsv, Roberts, 2016) were conducted to identify bacterial taxa that showed
exclusivity or fidelity to a year. Indicator OTUs were defined as a P < 0.05 and an indicator
value of more than 0.7 (as in Becker et al., 2015). We controlled for the false discovery rate
of multiple comparisons using the Benjamini & Hochberg (1995) method. Additionally,
the core microbiome for each species, defined here as OTUs present on 100% of all
the frogs across years, was calculated with QIIME 1.9.1 and was visualized with a heatmap
(function heatmap.2, package gplots; Warnes et al., 2016).

Links between environmental variables and community composition

For our environmental variables of rainfall and temperature, we obtained daily average
precipitation and air temperature measurements from the Barro Colorado Station at the
STRI. For rainfall, we initially calculated the monthly and weekly averages and sums. To
assess daily variation, additional rainfall metrics were calculated: the average and sum
from 2 days prior to and on the day of sampling (as in Bletz et al., 2017); and the sum of
day before, day of and day after collection. Daily rainfall is manually recorded the following
morning; therefore, “day after” measurements were included to consider rainfall events
during the night of sampling. Average temperatures were also calculated at the monthly,
weekly and both daily scales. We were unable to include temperature calculations for
two sampling days (27 and 28 of July 2014) due to instrument malfunctions. To use the
most complete temperature data set, we tested for differences between average temperature
for months, weeks and days. High collinearity between explanatory variables was
anticipated (Zuur et al., 2009); therefore, to identify which specific environmental variables
for rainfall had the highest explanatory power, we conducted a variable model selection
based on the lowest Akaike’s information criterion (AIC) in canonical (constrained)
correspondence analysis (CCA) (functions add1 and cca). Models that included variables
with higher AIC were dropped until the best-fit model was selected (Gardener, 2014). The
best-fit model resulted in us using the summation of day before, day of and day after
sampling and the average monthly temperature as explanatory variables in subsequent
models examining impacts on the skin bacterial communities.

To examine how rainfall and temperature affected community structure at each sampling
day, we separately analyzed the skin bacterial communities of each treefrog species using a
CCA, performed by the function cca (Ter Braak, 1986). We ran permutation tests on the
overall CCA model (function anova) and on each variable (anova, by = “terms”) to test
the significance of each environmental variable as a predictor of community composition.
Only explanatory variables that explained variation in beta diversity are represented in the
final results (function autoplot, package ggvegan, Simpson, 2017).

To further explore impacts of temporal variation on associations between bacterial
community and environmental variables, we conducted a Mantel test (function mantel)
using 1,000 permutations per each of the distance matrix pairs. Euclidean distance
matrices were used for rainfall and temperature, and Bray–Curtis distances were used
for bacterial community structure. Finally, we performed variation partitioning
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(Borcard, Legendre & Drapeau, 1992; Legendre, 2008) to assess how much variation in
community structure could be attributed to rainfall and temperature independently and
combined.

RESULTS
Bacterial diversity and community structure varied at different time
scales
Bacterial community diversity (alpha diversity) on the skin of A. callidryas and
D. ebraccatus varied through time at different scales. At large time scales, we found
significant differences in OTU richness (ANOVA, A. callidryas: X2 = 13.31; D. ebraccatus:
X2 = 30.37, both df = 3, P < 0.01; Fig. 1A) and Faith’s phylogenetic diversity in both treefrog
species across years (ANOVA, A. callidryas: X2 = 13.94; D. ebraccatus: X2 = 58.87, both
df = 3, P < 0.01; Fig. S1A). Community evenness (Shannon index) was not significantly
different across years in A. callidryas (ANOVA, X2 = 6.25, df = 3, P = 0.10; Fig. S2A), but was
significantly different in D. ebraccatus (ANOVA, X2 = 17.67, df = 3, P < 0.001; Fig. S2A).

Figure 1 Alpha diversity (OTU Richness) of skin bacterial communities of Agalychnis callidryas and
Dendropsophus ebraccatus at different temporal scales. Alpha diversity (OTU Richness) of skin bac-
terial communities of Agalychnis callidryas and Dendropsophus ebraccatus across sampling years (A),
seasons (B) and days. (C) Annual values for OTU Richness include only the wet seasons of four con-
secutive years. Seasonal values include dry and wet seasons for 2014 and 2015. Daily values include only
multiple sampling days in the wet season of 2014. Additional alpha diversity metrics are in the
Supplementary Materials. Full-size DOI: 10.7717/peerj.7044/fig-1

Estrada et al. (2019), PeerJ, DOI 10.7717/peerj.7044 7/20

http://dx.doi.org/10.7717/peerj.7044/supp-2
http://dx.doi.org/10.7717/peerj.7044/supp-3
http://dx.doi.org/10.7717/peerj.7044/supp-3
http://dx.doi.org/10.7717/peerj.7044#supplemental-information
http://dx.doi.org/10.7717/peerj.7044/fig-1
http://dx.doi.org/10.7717/peerj.7044
https://peerj.com/


Generally, there was an overall increase in OTU richness and phylogenetic diversity from
2012 to 2015 in the skin microbiome of both frog species with the exception of 2013.

When examining seasonality in alpha diversity of bacterial communities we found
differences between the dry and wet season for D. ebraccatus, but not for A. callidryas.
Community diversity and evenness did not differ across seasons in A. callidryas (ANOVA,
richness: X2 = 0.06, df = 1, P = 0.81, Fig. 1B; Faith’s phylogenetic diversity: X2 = 0.01, df = 1,
P = 0.98, Fig. S1B; Shannon index: X2 = 0.57, df = 1, P = 0.45, Fig. S2B), but did in
D. ebraccatus (ANOVA, richness: X2 = 61.13, df = 1, P < 0.001, Fig. 1B; Faith’s phylogenetic
diversity: X2 = 24.18, df = 1, P < 0.001, Fig. S1B; Shannon index: X2 = 3.56, df = 1, P = 0.05,
Fig. S2B).

At short time scales, comparisons of OTU richness across sampling days were significant
forD. ebraccatus (ANOVA, X2 = 10.75, df = 2, P = 0.005), but not for A. callidryas (ANOVA,
X2 = 1.47, df = 1, P = 0.22, Fig. 1C). We found no significant differences in Faith’s
phylogenetic diversity and Shannon index across sampling days in both treefrog species
(ANOVA, A. callidryas: X2 = 0.67 and 0.17, both df = 1 and P > 0.05;D. ebraccatus: X2 = 3.66
and 0.02, both df = 2, P > 0.05; Figs. S1C and S2C).

We found temporal changes in bacterial community structure (beta diversity) based on
Bray–Curtis dissimilarity distances at all time scales. Community structure differed across
years (PERMANOVA for A. callidryas: Pseudo-F = 14.016, R2 = 0.53 and D. ebraccatus:
Pseudo-F = 9.28, R2 = 0.44; both P < 0.001, Figs. S3A and S3B), seasons (PERMANOVA
for A. callidryas: Pseudo-F = 2.19, R2 = 0.12, P = 0.05 and; D. ebraccatus: Pseudo-F = 5.48,
R2 = 0.24, P = 0.0026; Figs. S3C and S3D) and sampling days (PERMANOVA,
A. callidryas: Pseudo-F = 3.58, R2 = 0.31, P = 0.01; Fig. 2A andD. ebraccatus: Pseudo-F = 4.23,

Figure 2 Daily variation of bacterial community structure on the skin of Agalychnis callidryas and
Dendropsophus ebraccatus. Beta diversity of bacterial communities based on Bray–Curtis dissimilarity of
A. callidryas (A) and D. ebraccatus (B) grouped by sampling day. Each point represents the skin bacterial
community on a single individual. Full-size DOI: 10.7717/peerj.7044/fig-2
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R2 = 0.55, P < 0.01; Fig. 2B) in both treefrog species. Dispersion from centroid across years
was significantly different, with frogs in 2013 having communities more similar to
one another (Permutest, A. callidryas: F = 26.696, P < 0.001 and D. ebraccatus: F = 27.402
P = 0.001). Dispersion between seasons was significantly different for A. callidryas
(Permutest, F = 13.45, P = 0.005), but not forD. ebraccatus (Permutest, F = 0.3047, P = 0.58).
Lastly, dispersion between sampling days was significant in D. ebraccatus (Permutest,
F = 21.84, P = 0.001) but not in A. callidryas (Permutest, F = 4.51, P = 0.07).

OTUs driving temporal variation
We identified a total of 540 OTUs in the skin of treefrogs and three phyla contributed 96% of
the total relative abundance: Proteobacteria (63%), Actinobacteria (29%) and Firmicutes
(4%). However, indicator species analysis identified a distinct set of OTUs associated with
A. callidryas and D. ebraccatus across years with few OTUs shared between species
(Table S1). By far, the highest number of indicator OTUs was recorded for samples from
2013 in both species: A. callidryas (N = 88) andD. ebraccatus (N = 75). Most indicator OTUs
shared between treefrog species were in the phyla Proteobacteria (68%), including three
OTUs associated with individuals of both frog species sampled in different seasons. We also
found higher numbers of unique OTUs in both species in the dry season when comparing
across seasons (A. callidryas: dry season N = 26/wet season N = 10; D. ebraccatus dry
season N = 93/wet season N = 9).

The core bacterial communities (OTUs present in 100% of the samples) for A. callidryas
and D. ebraccatus was comprised of only 10 and six OTUs, respectively. Five of these OTUs
were shared between both treefrog species. The vast majority of OTUs in the core
community belonged to the phylum Proteobacteria (A. callidryas = 70% andD. ebraccatus =
67%). Moreover, all Proteobacteria belonged to the class Gammaproteobactera, including:
Pseudomonadaceae, Xantomonadaceae, Commamonadaceae and Enterobacteriaceae.
The relative abundance of the core OTUs varied considerably across individuals sampled
at the same time point. Interestingly, individuals collected in 2013 had more similar
abundances in their core communities, but strikingly differed from other years in both
A. callidryas (Fig. 3) and D. ebraccatus (Fig. 4). Relative abundance of two core OTUs varied
notably in 2013 compared to the other years in A. callidryas: Pseudomonadaceae X589596
(relative abundance, mean ± s.d. in 2012 = 50 ± 9%; 2013 = 0.5 ± 0.4%; 2014 = 34 ± 15%;
2015 = 37 ± 20%) and Cellumonadaceae X624310 (relative abundance, mean ± s.d. in 2012 = 6
± 6%; 2013 = 89 ± 3%; 2014 = 16 ± 11%; 2015 = 3 ± 4%). Similar shifts in relative
abundance across years were observed in D. ebraccatus for Pseudomonadaceae X9744121
(relative abundance, mean ± s.d. in 2012 = 14 ± 21%; 2013 = 46 ± 3%; 2014 = 22 ± 20%;
2015 = 11 ± 10%, Fig. 4). No core OTUs were identified by indicator species analysis.

Rainfall and temperature are linked to temporal variation in skin-
associated bacterial communities
At short time scales, environmental variables (rainfall and temperature) were linked
with bacterial community structure. In both treefrog species, we found significant
correlations between the rainfall and temperature around the day of sampling and bacterial
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Figure 3 Relative abundance of core bacterial taxa on Agalychnis callidryas across years. Relative
abundance of Agalychnis callidryas core bacterial taxa (OTUs found on 100% of the frogs) across years.
Darker shades indicate higher relative abundances and lighter shades indicate lower relative abundances.
Photo credit: Brian Gratwicke. Full-size DOI: 10.7717/peerj.7044/fig-3

Figure 4 Relative abundance of core bacterial taxa on Dendropsophus ebraccatus across years.
Relative abundance of Dendropsophus ebraccatus core bacterial taxa (OTUs found on 100% of the
frogs) across years. Darker shades indicate higher relative abundances and lighter shades indicate lower
relative abundances. Photo credit: Brian Gratwicke. Full-size DOI: 10.7717/peerj.7044/fig-4
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community structure (mantel test, A. callidryas: R = 0.5496;D. ebraccatus: R = 0.5097, both
P < 0.001). Variance partitioning analysis showed that rainfall, calculated as the sum of day
before, day of and day after sampling, explained most of the variation in community
structure on both species. However, the proportion of variance explained for rainfall was
larger in A. callidryas (21%) than in D. ebraccatus (9%). Temperature explained a smaller
proportion of variation in A. callidryas (3%) and a similar proportion in D. ebraccatus
(8%). Finally, most of the variance, 72% and 80%, respectively, was unexplained by the
environmental variables measured in this study (Fig. 5).

DISCUSSION
We found clear temporal differences in skin bacterial communities on the skin of
A. callidryas and D. ebraccatus. Time of sampling accounted for significant proportions of
variation (years = 44–53%, seasons = 12–24% and days = 31–55%) observed in bacterial
community diversity on both treefrog species. This, together with strong correlations
found between community structure and rainfall and temperature on the day of sampling,
emphasizes the role that rapidly changing environmental conditions may play on microbial
community assembly and dynamics. Differences in response to shifts in environmental
conditions among individuals and between species, despite cohabiting the same ponds,
suggests that temporal dynamics observed in skin-associated bacterial communities could
also be influenced by host-related factors and by biotic interactions among the bacteria.

The importance of temporal variability and time scale has been well established in
human gut microbiome studies. Age is known to greatly alter microbial communities
in the gut, where variation has been detected at time scales of months and years; however,
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Figure 5 Canonical correspondence analysis of the variation in bacterial community structure on the
skin of both treefrog species. Canonical (constrained) correspondence analysis shows that environ-
mental variables (rainfall and temperature) are associated with temporal variation in community
structure of skin-associated bacteria on Agalychnis callidryas (red) and Dendropsophus ebraccatus
(yellow). Full-size DOI: 10.7717/peerj.7044/fig-5
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changes in adult diets can result in parallel changes in the gut microbiome in just a few
days (Gerber, 2014). Our study suggests that temporal instability of the skin bacterial
communities through time might be largely regulated by external factors: abiotic conditions
preceding sampling and the effects of these conditions on free-living microbial communities
in the surrounding environment. This supports previous findings that amphibians,
unlike humans (Costello et al., 2009; Oh et al., 2016), might continuously reacquire new
microbes for their skin from the surrounding environments (Loudon et al., 2014). Although
our study did not allow for repeated samples of individuals and did not have a large
sample size at finer temporal scales, our results highlight variation in both alpha diversity
metrics and community structure across sampling years, seasons and days.

In our study, the differences observed in bacterial communities through time were
mainly associated with shifts in relative abundance of core taxa and indicator OTUs,
associated with each sampling point. Both core and indicator OTUs were dominated by
the phyla Proteobacteria, Actinobacteria, Firmicutes, Bacteroides and Verrucomicrobia.
These major phyla also contribute key OTUs in the skin bacterial communities of
other tropical amphibians (Longo et al., 2015; Hughey et al., 2017), including amphibians
from the same region in eastern Panama (Belden et al., 2015; Rebollar et al., 2016). Other
recent studies are consistent with this finding that changes in the relative abundance
of key bacterial OTUs are mainly responsible for the temporal patterns observed in
amphibian skin bacterial communities (Bletz et al., 2017; Sabino-Pinto et al., 2017).
However, most studies on temporal variation of amphibian skin bacterial communities have
focused on describing community shifts between different life stages (Kueneman et al., 2014;
Longo et al., 2015; Bletz et al., 2017; Sabino-Pinto et al., 2017; Muletz-Wolz et al., 2018).
Consequently, the microbes associated with changes in community composition are most
likely acquired from environmental sources corresponding to various life stages (Prest et al.,
2018). In addition, differences in the skin itself across life stages likely selects for different
bacterial communities. For our study, only terrestrial adult stages were sampled, and
variation in skin communities through time were not expected to be explained solely by
differences in age nor environmental sources of bacteria (Walke et al., 2014; Rebollar et al.,
2016; Varela et al., 2018).

We found that rainfall and temperature immediately preceding the day of sampling
were strongly correlated with bacterial community structure on both treefrog species. In
fact, rainfall alone explained as much as 21% of the temporal variation observed on
A. callidryas. Although temperature can have a strong effect on community diversity and
composition of host-associated microbiomes (Carrier & Reitzel, 2017), including
amphibians (Kohl & Yahn, 2016), and free-living microbial communities (Pettersson &
Bååth, 2003), we found that rainfall best explained observed shifts in the skin bacterial
community of our study species. Our study site, Ocelot Pond, like other tropical lowland
ecosystems, is characterized by little intra-annual variation in temperature (Whitfield et al.,
2012) and high seasonality of precipitation (Condit et al., 2001). Moreover, different
microhabitats around pond edges reduce ambient temperature variability in the canopy of
lowland tropical forest (Scheffers et al., 2014); thus, arboreal amphibian hosts and their
associated bacteria might be less exposed to temperature fluctuations. Rainfall events,
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however, are infrequent during the dry season, but short-term fluctuations in rainfall are
common during the rainy season (Condit et al., 2001). Bacterial community diversity and
evenness in both treefrogs increased across years from samples collected in 2012–2015.
Likewise, rainfall generally decreased through time, with 2015 having the lowest rainfall
recorded. Changes in environmental conditions in amphibian microhabitat have been
previously linked to variation in diversity and composition of skin bacterial communities on
temperate amphibians (Bletz et al., 2017; Kueneman et al., 2014; Longo et al., 2015). It has
been proposed that changing environmental conditions and bacterial reservoirs can
induce temporal shifts in amphibian skin bacterial communities (Belden & Harris, 2007;
Loudon et al., 2014, 2016). For example, cold temperatures increased OTU richness in adult
Lithobates yavapaiensis during the winter months (Longo et al., 2015), and fluctuations
in OTU relative abundances on newt skin were linked to water temperature (Bletz et al.,
2017). However, in these studies water temperatures have extreme seasonal fluctuations that
may exceed the physiological tolerance levels for some symbionts (Erwin et al., 2015), and
therefore, the conditions are quite different than in the tropical system we studied.

Interestingly, the dynamics of the amphibian fungal pathogen, Batrachochytrium
dendrobatidis, have also been associated with patterns of rainfall and temperature in the
Neotropics (James et al., 2015). Panamanian amphibian communities at higher
elevations have been particularly hard hit by the spread of Bd, with some communities
experiencing loss of >50% of species (Lips, 1999; Lips, Reeve & Witters, 2003; Lips et al.,
2006). In our study, we examined amphibian species that are not highly susceptible to
Bd, so that we could focus on non-pathogen induced changes in the skin bacterial
communities. However, it could be important to ultimately examine links between these
rapid changes we observed in OTU relative abundances and Bd infection dynamics
in more susceptible host species. Overall, little is known about the functional significance
of varying OTU relative abundances on amphibian skin bacterial communities. We have
found that different bacterial communities can produced secondary metabolite
profiles that are quite similar, which suggests that function may not be closely linked
to structure in at least some skin bacterial communities (Belden et al., 2015). Our present
data do not allow us to determine the functional outcome of changing OTU relative
abundances through time, but we do provide evidence that small fluctuations in
environmental conditions at time of sampling can have an important and rapid effect
on OTU relative abundances, and these could potentially impact the dynamics of Bd.

Our observations revealed two specific patterns that might suggest the broader
importance of environmental conditions on bacterial communities. First, there were
significant seasonal effects in D. ebraccatus, and not in A. callidryas. This pattern suggests
that different processes influenced the skin bacterial communities of each species.
Specifically, community diversity and evenness were significantly higher in the wet season of
2015 on D. ebraccatus. Interestingly, the 2015 wet season was characterized by extended
dry periods typical of the El Niño-Southern Oscillation cycle in Panamá. Since there was
little rainfall for both dry and wet seasons of 2015, we would expect to see similar temporal
microbiome responses. However, some individuals of D. ebraccatus, but none of
A. callidryas, were found closer to or partially submerged in the water during the wet season
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of 2015 (A. Estrada, 2015, personal observation) potentially allowing bacterial colonization
from a different environmental source. While A. callidryas and D. ebraccatus adults live in
the forest canopy (Ibáñez, Rand & Jaramillo, 1999; Duellman, 2001), D. ebraccatus can
change their reproductive mode based on microhabitat conditions, and lay eggs in either
aquatic or terrestrial substrates (Touchon & Warkentin, 2009), while A. callidryas lays only
on vegetation. Environmental conditions that impact variation in behavior and microhabitat
use between these two sympatric species might also drive differences in skin bacterial
communities. Second, samples from 2013 displayed less variation among individual frogs
and greater difference in alpha and beta community diversity in comparison to other years.
Interestingly, environmental conditions around the day of sampling in 2013 had two of the
most extreme values for rainfall (high) and temperature (low) reported for the duration
of our study. Frogs sampled in 2013 were likely exposed to an intense short-term rain event,
which could have washed-in or altered (Elmir et al., 2007) the bacterial communities of both
species. Taken together, these results emphasize the role that abiotic factors play in
natural variation of bacterial communities associated with amphibian skin.

Although shifts in amphibian skin bacterial diversity and relative abundance have
recently been linked to extreme weather events (Familiar-López et al., 2017), the effect of
large-scale climate fluctuations on bacterial symbionts is not well understood. The potential
for microbes to influence amphibians’ fitness could change our current understanding of
how both aquatic and terrestrial organisms adapt to global climate change. Overall, our
results suggest that short-term amphibian microbiome studies may not be sufficient for
finding clear patterns and making predictions about the community’s response to
such large-scale events. Thus, an assessment of the effects of large-scale climate variability
on microbiome stability and function will require long-term surveys and high-resolution
environmental variables. Research on marine organisms also proposes that the host-microbe
relationship is altered by fluctuations in environmental conditions (reviewed by Apprill,
2017). Most notably, the increase of ocean temperatures may alter the temporal stability
of microbial communities of both of these marine taxa. Coral bleaching, the most visible
consequence of microbiome dysbiosis, occurs after long-term, yet small, increases in
seawater temperature (Brown, 1997). Although long-term monitoring of microclimatic
conditions will be challenging, future work targeting long-term microbiome studies and
their temporal fluctuations are necessary. Moreover, manipulative experiments involving
precipitation changes (Beier et al., 2012) will provide us with a better understanding of the
direct effects of rainfall and temperature on structural and functional stability of the
amphibian skin-associated microbial communities under changing environmental
conditions.

CONCLUSIONS
Our study aimed to examine natural temporal dynamics of skin-associated bacterial
communities of two common Neotropical treefrog species. By exploring the effect of
large- and small-temporal scales and accounting for short-term environmental heterogeneity,
we observed that variation detected daily, seasonally and annually were mainly explained
by short-term rainfall events. Our findings suggest some caution should be taken in
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interpreting results from one sampling period, since these results cannot capture variation
based on time scale and variation in local short-term environmental conditions. Considering
natural variation in the microbiome could be important for studies of host-microbiome
interactions.

ACKNOWLEDGEMENTS
We thank Roberto Ibáñez for in-country logistics and helpful comments on the
manuscript, Steve Paton for physical data troubleshooting and Brian Gratwicke for
pictures. Thanks to Valeria Franco, Rachel Pérez, Sangie Estrada, Megan O’Connell and
Tyler Macy for field assistance. We thank the Smithsonian Tropical Research Institute
staff for logistical support and the Panama Ministry of Environment (MiAMBIENTE) for
providing collection and export permits.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This project was supported by the National Science Foundation Grants: DEB-1136602
(to Reid N. Harris) and DEB-1136640 (Lisa K. Belden). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Science Foundation Grants: DEB-1136602 and DEB-1136640.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Angie Estrada conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, approved the final draft.

� Myra C. Hughey conceived and designed the experiments, performed the experiments,
analyzed the data, authored or reviewed drafts of the paper, approved the final draft.

� Daniel Medina conceived and designed the experiments, performed the experiments,
prepared figures and/or tables, authored or reviewed drafts of the paper, approved the
final draft.

� Eria A. Rebollar performed the experiments, analyzed the data, authored or reviewed
drafts of the paper, approved the final draft.

� Jenifer B. Walke performed the experiments, analyzed the data, authored or reviewed
drafts of the paper, approved the final draft.

� Reid N. Harris conceived and designed the experiments, authored or reviewed drafts of
the paper, approved the final draft.

� Lisa K. Belden conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the paper, approved the final draft.

Estrada et al. (2019), PeerJ, DOI 10.7717/peerj.7044 15/20

http://dx.doi.org/10.7717/peerj.7044
https://peerj.com/


Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

Animal care protocols were approved by the Smithsonian Tropical Research Institute’s
Animal Care Committee (2011-1110-2014, 2013-0401-2016-A3) and by Virginia Tech’s
Animal Care Committee (11-105-BIOL and 13-097-BIOL).

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Scientific collection permits were provided by the Panamanian authorities (Autoridad
Nacional del Ambiente, now Ministerio de Ambiente) (SE/A-47-12, SEX/A-65-12,
SEX/A-77-12, SEX/A-89-12 and SEX/A-113-13).

Data Availability
The following information was supplied regarding data availability:

Data is available at the National Center for Biotechnology Information (NCBI),
accession numbers: PRJNA504463 and PRJNA504466.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.7044#supplemental-information.

REFERENCES
Antwis RE, Griffiths SM, Harrison XA, Aranega-Bou P, Arce A, Bettridge AS, Brailsford FL,

De Menezes A, Devaynes A, Forbes KM, Fry EL, Goodhead I, Haskell E, Heys C, James C,
Johnston SR, Lewis GR, Lewis Z, Macey MC, McCarthy A, McDonald JE, Mejia-Florez NL,
O’Brien D, Orland C, Pautasso M, ReidWDK, Robinson HA,Wilson K, SutherlandWJ. 2017.
Fifty important research questions in microbial ecology. FEMS Microbiology Ecology 93(5):1–10
DOI 10.1093/femsec/fix044.

Apprill A. 2017. Marine animal microbiomes: toward understanding host–microbiome
interactions in a changing ocean. Frontiers in Marine Science 4:1–9
DOI 10.3389/fmars.2017.00222.

Arnold JW, Roach J, Azcarate-Peril MA. 2016. Emerging technologies for gut microbiome
research. Trends in Microbiology 24(11):887–901 DOI 10.1016/j.tim.2016.06.008.

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models using lme4.
Journal of Statistical Software 67(1):1–48 DOI 10.18637/jss.v067.i01.

BeckerMH,Walke JB, Cikanek S, Savage AE,Mattheus N, Santiago CN,Minbiole KP, Harris RN,
Belden LK, Gratwicke B. 2015. Composition of symbiotic bacteria predicts survival in
Panamanian golden frogs infected with a lethal fungus. Proceedings of the Royal Society
B: Biological Sciences 282(1805):20142881 DOI 10.1098/rspb.2014.2881.

Beier C, Beierkuhnlein C, Wohlgemuth T, Penuelas J, Emmett B, Körner C, De Boeck H,
Christensen JH, Leuzinger S, Janssens IA, Hansen K. 2012. Precipitation manipulation
experiments—challenges and recommendations for the future. Ecology Letters 15(8):899–911
DOI 10.1111/j.1461-0248.2012.01793.x.

Estrada et al. (2019), PeerJ, DOI 10.7717/peerj.7044 16/20

http://www.ncbi.nlm.nih.gov/sra/PRJNA504463
http://www.ncbi.nlm.nih.gov/sra/PRJNA504466
http://dx.doi.org/10.7717/peerj.7044#supplemental-information
http://dx.doi.org/10.7717/peerj.7044#supplemental-information
http://dx.doi.org/10.1093/femsec/fix044
http://dx.doi.org/10.3389/fmars.2017.00222
http://dx.doi.org/10.1016/j.tim.2016.06.008
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1098/rspb.2014.2881
http://dx.doi.org/10.1111/j.1461-0248.2012.01793.x
http://dx.doi.org/10.7717/peerj.7044
https://peerj.com/


Belden LK, Harris RN. 2007. Infectious diseases in wildlife: the community ecology context.
Frontiers in Ecology and the Environment 5(10):533–539 DOI 10.1890/060122.

Belden LK, Hughey MC, Rebollar EA, Umile TP, Loftus SC, Burzynski EA, Minbiole KPC,
House LL, Jensen RV, Becker MH, Walke JB, Medina D, Ibáñez R, Harris RN. 2015.
Panamanian frog species host unique skin bacterial communities. Frontiers in Microbiology
6:1–21 DOI 10.3389/fmicb.2015.01171.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a practical and powerful
approach to multiple testing. Journal of the Royal Statistical Society: Series B 57(1):289–300.

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. Nature Ecology & Evolution
1(6):0161 DOI 10.1038/s41559-017-0161.

Bird AK, Prado-Irwin SR, Vredenburg VT, Zink AG. 2018. Skin microbiomes of California
terrestrial salamanders are influenced by habitat more than host phylogeny. Frontiers in
Microbiology 9:442 DOI 10.3389/fmicb.2018.00442.

Bletz MC, Perl RGB, Bobowski BTC, Japke LM, Tebbe CC, Dohrmann AB, Bhuju S, Geffers R,
Jarek M, Vences M. 2017. Amphibian skin microbiota exhibits temporal variation in
community structure but stability of predicted Bd-inhibitory function. ISME Journal Nature
Publishing Group 11(7):1521–1534 DOI 10.1038/ismej.2017.41.

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, Mills DA, Caporaso JG.
2013. Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing.
Nature Methods 10(1):57–59 DOI 10.1038/nmeth.2276.

Borcard D, Legendre P, Drapeau P. 1992. Partialling out the spatial component of ecological
variation. Ecology 73(3):1045–1055 DOI 10.2307/1940179.

Brown BE. 1997. Coral bleaching: causes and consequences. Coral Reefs 16(1):S129–S138
DOI 10.1007/s003380050249.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N,
Pena AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE, Ley RE,
Lozupone CA, McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR,
Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld J, Knight R. 2010a.
QIIME allows analysis of high-throughput community sequencing data. Nature Methods
7(5):335–336 DOI 10.1038/nmeth.f.303.

Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL, Knight R. 2010b. PyNAST:
a flexible tool for aligning sequences to a template alignment. Bioinformatics 26(2):266–267
DOI 10.1093/bioinformatics/btp636.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, Owens SM, Betley J,
Fraser L, Bauer M, Gormley N. 2012. Ultra-high-throughput microbial community analysis on
the Illumina HiSeq and MiSeq platforms. ISME Journal 6(8):1621–1624
DOI 10.1038/ismej.2012.8.

Carrier TJ, Reitzel AM. 2017. The hologenome across environments and the implications of a host-
associated microbial repertoire. Frontiers in Microbiology 8:1–13 DOI 10.3389/fmicb.2017.00802.

Condit R, Robinson WD, Ibáñez R, Aguilar S, Sanjur A, Martínez R, Stallard RF, García T,
Angehr GR, Petit L, Wright SJ, Robinson TR, Heckadon S. 2001. The status of the panama
canal watershed and its biodiversity at the beginning of the 21st century. BioScience 51(5):389
DOI 10.1641/0006-3568(2001)051[0389:TSOTPC]2.0.CO;2.

Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R. 2009. Bacterial community
variation in human body habitats across space and time. Science 326(5960):1694–1697
DOI 10.1126/science.1177486.Bacterial.

Estrada et al. (2019), PeerJ, DOI 10.7717/peerj.7044 17/20

http://dx.doi.org/10.1890/060122
http://dx.doi.org/10.3389/fmicb.2015.01171
http://dx.doi.org/10.1038/s41559-017-0161
http://dx.doi.org/10.3389/fmicb.2018.00442
http://dx.doi.org/10.1038/ismej.2017.41
http://dx.doi.org/10.1038/nmeth.2276
http://dx.doi.org/10.2307/1940179
http://dx.doi.org/10.1007/s003380050249
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1093/bioinformatics/btp636
http://dx.doi.org/10.1038/ismej.2012.8
http://dx.doi.org/10.3389/fmicb.2017.00802
http://dx.doi.org/10.1641/0006-3568(2001)051[0389:TSOTPC]2.0.CO;2
http://dx.doi.org/10.1126/science.1177486.Bacterial
http://dx.doi.org/10.7717/peerj.7044
https://peerj.com/


DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T, Dalevi D, Hu P,
Andersen GL. 2006. Greengenes, a chimera-checked 16S rRNA Gene database and workbench
compatible with ARB. Applied and Environmental Microbiology 72(7):5069–5072
DOI 10.1128/AEM.03006-05.

Donnelly MA, Guyer C. 1994. Patterns of reproduction and habitat use in an assemblage of
Neotropical hylid frogs. Oecologia 98(3–4):291–302 DOI 10.1007/BF00324217.

Duellman WE. 2001. The hylid frogs of middle America. Ithaca: Society for the Study of
Amphibians and Reptiles.

Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. Bioinformatics
26(19):2460–2461 DOI 10.1093/bioinformatics/btq461.

Elmir SM, Wright ME, Abdelzaher A, Solo-Gabriele HM, Fleming LE, Miller G, Rybolowik M,
Shih MTP, Pillai SP, Cooper JA, Quaye EA. 2007. Quantitative evaluation of bacteria released
by bathers in a marine water. Water Research 41(1):3–10 DOI 10.1016/j.watres.2006.10.005.

Erwin PM, Coma R, López-Sendino P, Serrano E, Ribes M. 2015. Stable symbionts across the
HMA-LMA dichotomy: low seasonal and interannual variation in sponge-associated bacteria
from taxonomically diverse hosts. FEMS Microbiology Ecology 91(10):fiv115
DOI 10.1093/femsec/fiv115.

Familiar-López MF, Rebollar EA, Harris RN, Vredenburg VT, Hero JM. 2017. Temporal
variation of the skin bacterial community and Batrachochytrium dendrobatidis infection in the
terrestrial cryptic frog Philoria loveridgei. Frontiers in Microbiology 8:1–12
DOI 10.3389/fmicb.2017.02535.

Gardener M. 2014. Community ecology: analytical methods using R and Excel. Exeter: Pelagic
Publishing Ltd.

Gerber GK. 2014. The dynamic microbiome. FEBS Letters 588(22):4131–4139
DOI 10.1016/j.febslet.2014.02.037.

Hothorn T, Bretz F, Westfall P. 2008. Simultaneous inference in general parametric model.
Biometrical Journal 50(3):346–363 DOI 10.1002/bimj.200810425.

Hughey MC, Pena JA, Reyes R, Medina D, Belden LK, Burrowes PA. 2017. Skin bacterial
microbiome of a generalist Puerto Rican frog varies along elevation and land use gradients. PeerJ
5:e3688 DOI 10.7717/peerj.3688.

Ibáñez R, Rand AS, Jaramillo CA. 1999. Los anfibios del Monumento Natural Barro Colorado,
Parque Nacional Soberanía y areas adyacentes = The amphibians of Barro Colorado nature
monument, Soberania National Park and adjacent areas’ (No. C/597.8 I2). Santa Fé de Bogotá,
Colombia. Fundación Natura.

James TY, Toledo LF, Rödder D, Da Silva Leite D, Belasen AM, Betancourt-Román CM,
Jenkinson TS, Soto-Azat C, Lambertini C, Longo AV, Ruggeri J. 2015. Disentangling host,
pathogen, and environmental determinants of a recently emerged wildlife disease: lessons from
the first 15 years of amphibian chytridiomycosis research. Ecology and Evolution
5(18):4079–4097 DOI 10.1002/ece3.1672.

Kohl KD, Yahn J. 2016. Effects of environmental temperature on the gut microbial communities of
tadpoles. Environmental Microbiology 18(5):1561–1565 DOI 10.1111/1462-2920.13255.

Kueneman JG, Parfrey LW, Woodhams DC, Archer HM, Knight R, McKenzie VJ. 2014. The
amphibian skin-associated microbiome across species, space and life history stages. Molecular
Ecology 23(6):1238–1250 DOI 10.1111/mec.12510.

Legendre P. 2008. Studying beta diversity: ecological variation partitioning by multiple regression
and canonical analysis. Journal of Plant Ecology 1(1):3–8 DOI 10.1093/jpe/rtm001.

Estrada et al. (2019), PeerJ, DOI 10.7717/peerj.7044 18/20

http://dx.doi.org/10.1128/AEM.03006-05
http://dx.doi.org/10.1007/BF00324217
http://dx.doi.org/10.1093/bioinformatics/btq461
http://dx.doi.org/10.1016/j.watres.2006.10.005
http://dx.doi.org/10.1093/femsec/fiv115
http://dx.doi.org/10.3389/fmicb.2017.02535
http://dx.doi.org/10.1016/j.febslet.2014.02.037
http://dx.doi.org/10.1002/bimj.200810425
http://dx.doi.org/10.7717/peerj.3688
http://dx.doi.org/10.1002/ece3.1672
http://dx.doi.org/10.1111/1462-2920.13255
http://dx.doi.org/10.1111/mec.12510
http://dx.doi.org/10.1093/jpe/rtm001
http://dx.doi.org/10.7717/peerj.7044
https://peerj.com/


Lips K. 1999. Mass mortality and population declines of anurans at an upland site in western
Panamá. Conservation Biology 13(1):117–125 DOI 10.1046/j.1523-1739.1999.97185.x.

Lips KR, Reeve JD, Witters LR. 2003. Ecological traits predicting amphibian population declines in
Central America. Conservation Biology 17(4):1078–1088 DOI 10.1046/j.1523-1739.2003.01623.x.

Lips KR, Brem F, Brenes R, Reeve JD, Alford RA, Voyles J, Carey C, Livo L, Pessier AP,
Collins JP. 2006. Emerging infectious disease and the loss of biodiversity in a Neotropical
amphibian community. Proceedings of the National Academy of Sciences of the United States of
America 103(9):3165–3170 DOI 10.1073/pnas.0506889103.

Lokmer A, Goedknegt MA, Thieltges DW, Fiorentino D, Kuenzel S, Baines JF, Wegner KM.
2016. Spatial and temporal dynamics of pacific oyster hemolymph microbiota across multiple
scales. Frontiers in Microbiology 7:1367 DOI 10.3389/fmicb.2016.01367.

Longo AV, Savage AE, Hewson I, Zamudio KR. 2015. Seasonal and ontogenetic variation of skin
microbial communities and relationships to natural disease dynamics in declining amphibians.
Royal Society Open Science 2(7):140377 DOI 10.1098/rsos.140377.

Longo AV, Zamudio KR. 2017. Environmental fluctuations and host skin bacteria shift survival
advantage between frogs and their fungal pathogen. ISME Journal 11(2):349–361
DOI 10.1038/ismej.2016.138.

Loudon AH, Woodhams DC, Parfrey LW, Archer H, Knight R, McKenzie V, Harris RN. 2014.
Microbial community dynamics and effect of environmental microbial reservoirs on red-backed
salamanders (Plethodon cinereus). ISME Journal 8(4):830–840 DOI 10.1038/ismej.2013.200.

Loudon AH, Venkataraman A, Van Treuren W, Woodhams DC, Parfrey LW, McKenzie VJ,
Knight R, Schmidt TM, Harris RN. 2016. Vertebrate hosts as islands: dynamics of selection,
immigration, loss, persistence, and potential function of bacteria on salamander skin. Frontiers
in Microbiology 7:333 DOI 10.3389/fmicb.2016.00333.

McKenzie VJ, Bowers RM, Fierer N, Knight R, Lauber CL. 2012. Co-habiting amphibian species
harbor unique skin bacterial communities in wild populations. ISME Journal 6(3):588–596
DOI 10.1038/ismej.2011.129.

Muletz-Wolz CR, Yarwood SA, Campbell Grant EH, Fleischer RC, Lips KR. 2018. Effects of host
species and environment on the skin microbiome of Plethodontid salamanders. Journal of
Animal Ecology 87(2):341–353.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, O’Hara RB,
Simpson GL, Solymos P, Stevens MH, Szoecs E, Wagner H. 2017. Vegan: Community ecology
package. R package version 2.4-5. Available at https://CRAN.R-project.org/package=vegan.

Oh J, Byrd AL, Park M, Kong HH, Segre JA, NISC Comparative Sequencing Program. 2016.
Temporal stability of the human skin microbiome. Cell 165(4):854–866
DOI 10.1016/j.cell.2016.04.008.

Pettersson M, Bååth E. 2003. Temperature-dependent changes in the soil bacterial community in
limed and unlimed soil. FEMS Microbiology Ecology 45(1):13–21
DOI 10.1016/S0168-6496(03)00106-5.

Prest TL, Kimball AK, Kueneman JG, McKenzie VJ. 2018. Host-associated bacterial community
succession during amphibian development. Molecular Ecology 27(8):1992–2006
DOI 10.1111/mec.14507.

R Development Core Team. 2017. R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing. Available at https://www.R-project.org/.

Rebollar EA, Hughey MC, Medina D, Harris RN, Ibáñez R, Belden LK. 2016. Skin bacterial
diversity of Panamanian frogs is associated with host susceptibility and presence of
Batrachochytrium dendrobatidis. ISME Journal 10(7):1682–1695 DOI 10.1038/ismej.2015.234.

Estrada et al. (2019), PeerJ, DOI 10.7717/peerj.7044 19/20

http://dx.doi.org/10.1046/j.1523-1739.1999.97185.x
http://dx.doi.org/10.1046/j.1523-1739.2003.01623.x
http://dx.doi.org/10.1073/pnas.0506889103
http://dx.doi.org/10.3389/fmicb.2016.01367
http://dx.doi.org/10.1098/rsos.140377
http://dx.doi.org/10.1038/ismej.2016.138
http://dx.doi.org/10.1038/ismej.2013.200
http://dx.doi.org/10.3389/fmicb.2016.00333
http://dx.doi.org/10.1038/ismej.2011.129
https://CRAN.R-project.org/package=vegan
http://dx.doi.org/10.1016/j.cell.2016.04.008
http://dx.doi.org/10.1016/S0168-6496(03)00106-5
http://dx.doi.org/10.1111/mec.14507
https://www.R-project.org/
http://dx.doi.org/10.1038/ismej.2015.234
http://dx.doi.org/10.7717/peerj.7044
https://peerj.com/


Roberts DW. 2016. labdsv: Ordination and multivariate analysis for ecology. R package
version 1.8-0. Available at https://CRAN.R-project.org/package=labdsv.

Robinson CJ, Bohannan BJM, Young VB. 2010. From structure to function: the ecology of
host-associated microbial communities. Microbiology and Molecular Biology Reviews
74(3):453–476 DOI 10.1128/MMBR.00014-10.

Sabino-Pinto J, Galán P, Rodríguez S, Bletz MC, Bhuju S, Geffers R, Jarek M, Vences M. 2017.
Temporal changes in cutaneous bacterial communities of terrestrial- and aquatic-phase newts
(Amphibia). Environmental Microbiology 19(8):3025–3038 DOI 10.1111/1462-2920.13762.

Scheffers BR, Evans TA, Williams SE, Edwards DP. 2014. Microhabitats in the tropics buffer
temperature in a globally coherent manner. Biology Letters 10(12):20140819
DOI 10.1098/rsbl.2014.0819.

Shade A, Caporaso JG, Handelsman J, Knight R, Fierer N. 2013. A meta-analysis of changes in
bacterial and archaeal communities with time. ISME Journal 7(8):1493–1506
DOI 10.1038/ismej.2013.54.

Simpson GL. 2017. ggvegan: ‘ggplot2’ Plots for the ‘vegan’ Package. R package version 0.0-9.

Ter Braak CJF. 1986. Canonical correspondence analysis: a new eigenvector technique for
multivariate direct gradient analysis. Ecology 67(5):1167–1179 DOI 10.2307/1938672.

Touchon JC,Warkentin KM. 2009.Negative synergism of rainfall patterns and predators affects frog
egg survival. Journal of Animal Ecology 78(4):715–723 DOI 10.1111/j.1365-2656.2009.01548.x.

Varela BJ, Lesbarrères D, Ibáñez R, Green DM. 2018. Environmental and host effects on skin
bacterial community composition in panamanian frogs. Frontiers in Microbiology 9:298
DOI 10.3389/fmicb.2018.00298.

Venables WN, Ripley BD. 2002. Modern Applied Statistics with S. Fourth Edition. New York:
Springer.

Vences M, Lyra ML, Kueneman JG, Bletz MC, Archer HM, Canitz J, Handreck S,
Randrianiaina R-D, Struck U, Bhuju S, Jarek M, Geffers R, McKenzie VJ, Tebbe CC,
Haddad CFB, Glos J. 2016. Gut bacterial communities across tadpole ecomorphs in two
diverse tropical anuran faunas. Science of Nature 103(3–4):25
DOI 10.1007/s00114-016-1348-1.

Walke JB, Becker MH, Loftus SC, House LL, Cormier G, Jensen RV, Belden LK. 2014.
Amphibian skin may select for rare environmental microbe. ISME Journal 8(11):2207–2217
DOI 10.1038/ismej.2014.77.

Walke JB, Becker MH, Loftus SC, House LL, Teotonio TL, Minbiole KP, Belden LK. 2015.
Community structure and function of amphibian skin microbes: an experiment with bullfrogs
exposed to a chytrid fungus. PLOS ONE 10(10):e0139848 DOI 10.1371/journal.pone.0139848.

Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naive Bayesian classifier for rapid assignment of
rRNA sequences into the new bacterial taxonomy. Applied and Environmental Microbiology
73(16):5261–5267 DOI 10.1128/AEM.00062-07.

Warnes GR, Bolker B, Bonebakker L, Gentleman R, Huber W, Liaw A, Lumley T, Maechler M,
Magnusson A, Moeller S, Schwartz M, Venables B. 2016. gplots: Various R Programming Tools
for Plotting Data. R package version 3.0.1. Available at https://CRAN.R-project.org/
package=gplots.

Whitfield SM, Kerby J, Gentry LR, Donnelly MA. 2012. Temporal variation in infection
prevalence by the amphibian chytrid fungus in three species of frogs at la selva costa rica.
Biotropica 44(6):779–784 DOI 10.1111/j.1744-7429.2012.00872.x.

Zuur A, Ieno EN,Walker N, Saveliev AA, Smith GM. 2009.Mixed effects models and extensions in
ecology with R. Berlin/Heidelberg: Springer Science & Business Media.

Estrada et al. (2019), PeerJ, DOI 10.7717/peerj.7044 20/20

https://CRAN.R-project.org/package=labdsv
http://dx.doi.org/10.1128/MMBR.00014-10
http://dx.doi.org/10.1111/1462-2920.13762
http://dx.doi.org/10.1098/rsbl.2014.0819
http://dx.doi.org/10.1038/ismej.2013.54
http://dx.doi.org/10.2307/1938672
http://dx.doi.org/10.1111/j.1365-2656.2009.01548.x
http://dx.doi.org/10.3389/fmicb.2018.00298
http://dx.doi.org/10.1007/s00114-016-1348-1
http://dx.doi.org/10.1038/ismej.2014.77
http://dx.doi.org/10.1371/journal.pone.0139848
http://dx.doi.org/10.1128/AEM.00062-07
https://CRAN.R-project.org/package=gplots
https://CRAN.R-project.org/package=gplots
http://dx.doi.org/10.1111/j.1744-7429.2012.00872.x
http://dx.doi.org/10.7717/peerj.7044
https://peerj.com/

	Skin bacterial communities of neotropical treefrogs vary with local environmental conditions at the time of sampling
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


