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Abstract
Enigmatic amphibian declines were first reported in southern and southeastern Brazil in the

late 1980s and included several species of stream-dwelling anurans (families Hylodidae

and Cycloramphidae). At that time, we were unaware of the amphibian-killing fungus Batra-
chochytrium dendrobatidis (Bd); therefore, pollution, habitat loss, fragmentation and

unusual climatic events were hypothesized as primary causes of these declines. We now

know that multiple lineages of Bd have infected amphibians of the Brazilian Atlantic forest

for over a century, yet declines have not been associated specifically with Bd outbreaks.

Because stream-dwelling anurans occupy an environmental hotspot ideal for disease trans-

mission, we investigated temporal variation in population and infection dynamics of three

stream-adapted species (Hylodes asper, H. phyllodes, and Cycloramphus boraceiensis) on
the northern coast of São Paulo state, Brazil. We surveyed standardized transects along

streams for four years, and show that fluctuations in the number of frogs correlate with spe-

cific climatic variables that also increase the likelihood of Bd infections. In addition, we

found that Bd infection probability in C. boraceiensis, a nocturnal species, was significantly

higher than in Hylodes spp., which are diurnal, suggesting that the nocturnal activity may

either facilitate Bd zoospore transmission or increase susceptibility of hosts. Our findings

indicate that, despite long-term persistence of Bd in Brazil, some hosts persist with season-

ally variable infections, and thus future persistence in the face of climate change will depend

on the relative effect of those changes on frog recruitment and pathogen proliferation.
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Introduction
Enigmatic amphibian declines were first reported in Brazil in the late 1980s and were attributed
to unusual climatic events, pollution, habitat loss, and fragmentation [1,2,3,4]. Reported
declines included populations of obligate stream-dwelling frogs in the genera Hylodes, Crosso-
dactylus (Hylodidae), and Cycloramphus (Cycloramphidae) throughout the mountainous
regions of the Atlantic coastal forest of southern and southeastern Brazil [1,2,3]. At that time,
the exact drivers of decline were unknown, and the changes in species abundances were consid-
ered enigmatic, yet infectious diseases were proposed as a possible cause because amphibian
populations disappeared from relatively undisturbed habitats [2,4].

The pathogenic chytrid fungus Batrachochytrium dendrobatidis (hereafter Bd) has been
implicated in declines of wild amphibian populations worldwide [5,6,7,8], including in pristine
areas with high natural vegetation cover [9]. In cases where the pathogen has invaded new
areas, susceptible species are extirpated or decline just a few months after Bd invasion
[10,11,12,13], with highly deleterious effects on naïve host communities [14]. In contrast, retro-
spective studies have identified localities with long-term Bd endemism [15,16]. One of these,
the Brazilian Atlantic forest, has the oldest Bd infection records (late 1800s) [16] and a high
diversity of genetically distinct Bd lineages [17,18]. Therefore, Atlantic forest anurans have
experienced long-term co-existence with this pathogen, which might explain high infection tol-
erance in many current anuran populations [19,20].

More than 40% of Bd-infected species from southern and southeastern Brazil belong to
the families Cycloramphidae and Hylodidae [16]. The genera Cycloramphus and Hylodes
are obligate stream-dwelling frogs, often highly philopatric [21], and typically rely on un-
disturbed forested habitat [22,23]. Undisturbed forests provide optimal microclimatic con-
ditions for Bd proliferation and harbor a greater diversity of host species, enhancing the
potential for pathogen transmission [9,24,25,26]. After Bd emergence, stream-associated
riparian amphibians in naïve communities were the first to show rapid declines [11,27]; thus,
their preferred microhabitat has an impact on the probability of Bd infection because specific
environmental factors in those habitats are more conducive to transmission and pathogen
proliferation [9,20,24]. Interestingly, among the Brazilian stream dwelling species in which
Bd was detected in recent years [19,20], apparently none have shown dramatic population
declines, despite relatively high infection prevalence and intensity. Given that the extinction
threat for stream-dwellers may be highly underestimated [24], studies evaluating amphibian
population dynamics and the impact of Bd are a priority for the conservation of these Atlan-
tic forest taxa.

In this study we investigated population dynamics and seasonal changes in Bd preva-
lence in three species of stream-dwelling frogs in the Cycloramphidae and Hylodidae fami-
lies (Hylodes asper, H. phyllodes, and Cycloramphus boraceiensis) on the northern coast of
São Paulo state, southeastern Brazil. We surveyed standardized transects along Atlantic for-
est streams during four years and tested for a correlation between fluctuations in the num-
ber of frogs with specific climatic variables that may increase the likelihood of infections by
Bd. We also quantified Bd prevalence and infection intensity in host species during a cool
period of low precipitation (winter 2007) and a warmer period of high precipitation (sum-
mer 2008). We hypothesized that environmental variables influence both pathogen and
host dynamics over seasons in the Atlantic forest, enabling host-pathogen coexistence over
the years [16].
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Methods

Field Sampling
To quantify amphibian population trends over time, we conducted standardized transect sur-
veys in streams in Parque Estadual da Serra do Mar (PESM), which runs along 270 km (from
24°13'12.49" S, 47°22'4.71" W to 23°22'36.90" S, 44°44'19.07" W) of the coast of São Paulo state,
southeastern Brazil. Our study area is located in PESM Núcleo Picinguaba, in the municipality
of Ubatuba. Fieldwork was approved by Permit #16593–1 issued by MMA, IBAMA, and ICM-
Bio. These Agencies also approved all methods used for collecting and manipulating biological
samples. Approval by an Animal Ethics Committee was not required for this study. Approxi-
mately 40 species of anurans occur in Núcleo Picinguaba [27,28]. The climate in this region is
seasonally wet with mean annual rainfall of 2519 mm, a warmer season from October to April
(monthly rainfall 215–376 mm, with peak in December and January; mean temperatures from
21.1–25.5), and a drier, colder season from May to September (monthly rainfall 11–166 mm,
with July the driest month; mean temperatures from 18.4–20.5) [29].

We surveyed four low elevation streams (150–330 m asl) on the escarpments of the Serra do
Mar located along 4 km of the Rio-Santos highway (S1 Table). These four streams were chosen
to represent the variation in width, slope, and water flow typical of small streams in the study
area. Monthly surveys were conducted from February 2007 to January 2011. In each stream we
sampled a 100–120 m long transect. We searched for adults of the three focal species of
stream-dwelling frogs (H. asper, H. phyllodes, and C. boraceiensis) by slowly walking upstream
once during daytime and once at night for 30–90 minutes.

Environmental data
Maximum and minimum temperature and total precipitation were obtained from the Ubatuba
weather station (INMET) [30]. This station is located 28 km from the study site; based on the
relative homogeneity of the climate in the region, we assume that the climate at the study site is
similar to that in Ubatuba.

Bd sampling and quantification
To quantify seasonal patterns in Bd infection prevalence and intensity, we swabbed 20 frogs of
each species once during winter (August 2007) and once during summer (February 2008). We
captured frogs using non-powdered latex gloves to avoid transmission between animals and
sample contamination, and followed standard field sampling protocols [31,32]. Each swab was
stored in sterile plastic tubes, at -20°C, and frogs were immediately released at the site of cap-
ture. To quantify the presence and infection intensity of Bd in each sample, we first extracted
DNA from swabs using PrepMan ULTRA (Life Technologies), and then quantified infection
intensities using a Taqman qPCR Assay (Life Technologies) with standards of 0.1, 1, 10, 100,
and 1000 zoospore genomic equivalents (g.e.) [31,33] using Bd strain CLFT023. We considered
a sample as “Bd-positive” when the infection load was greater than or equal to one g.e. [31].
DNA samples are deposited in the SLFT Collection, at the Universidade Estadual de Campinas
(S2 Table).

To evaluate the prevalence of Bd in each population, we followed the protocol where the
number of sampled frogs is equal to 3/p (prevalence expressed in proportion) [34], except for
the population ofH. asper in summer 2008.
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Statistical analyses
We performed seasonal-trend decomposition analyses to the monthly estimates of number of
individuals found per 100 m and the monthly climatic data (min. temperature and precipita-
tion). We pooled the data collected on the four stream transects and used the mean number of
individuals per species to create time series objects in R [35]. Each time series was decomposed
into its seasonal components using a periodic loess window [36], in which seasonal values are
removed and remaining values are smoothed to detect the underlying trend [36]. In addition,
we tested the temporal stability of populations by fitting separate general linear models (GLM)
for each species. In these models, our independent variable was the average number of individ-
uals. Calendar year, minimum and maximum temperature, and precipitation were fixed fac-
tors, while month and calendar year were nested and set as random factors to control for
natural monthly fluctuations within each year.

We tested for seasonality in Bd prevalence and infection intensity with generalized linear
models (GLMs) using logistic and quasipoisson regressions. Our logistic model for Bd pres-
ence/absence included season, species, and their interaction as predictors. Our quasipoisson
model for Bd infection intensity included the same predictor variables. All statistical models
were implemented in R [35].

Results

Environmental data
During the four-year monitoring period the climate in the study area became warmer and
drier, with mean temperatures varying from 23–25°C in the first years to 27°C in 2010, and
precipitation decreasing from 52 mm in 2007 to 29 mm in the last year of the study.

Population dynamics
Our surveys showed high variability in the average number of individuals for each of our three
focal species, but also common peaks in frog abundance during January-March (warm season)
and declines during the months of June-July (cold season) (Fig 1).Hylodes asper was the most
common species at our sites with an average abundance (± standard deviation) of 14.0 ± 6.3
individuals per survey, followed by C. boraceiensis with 12.8 ± 3.7 individuals, andH. phyllodes
with 1.5 ± 1.2 individuals (Fig 1). Fluctuations in the number of individuals corresponded to
seasonal patterns in temperature and precipitation (Fig 1B). Time series decomposition of frog
abundances and climatic variables helped us distinguish seasonal components and the separate
cycles of high temperature and precipitation from cycles of cooler temperatures and drier con-
ditions (Fig 2) that likely cause changes in amphibian density. Despite these cycles, minimum
temperature only predicted abundance changes inH. asper (GLM, t1, 28 = 5.01, P< 0.001).

Our seasonal-trend decomposition analyses revealed apparent slight population declines ofH.
asper and C. boraceiensis in mid-2008 that extended through 2009 (Fig 3A). In contrast,H. phyl-
lodes populations exhibited a slight increase in the first months of 2009 (Fig 3A). These changes
were concordant with an increase in minimum temperature and decrease in precipitation at the
end of 2008 (Fig 3B). Our linear mixed-effects models confirmed declines in abundance ofH.
asper during 2009 (GLM, t1, 28 = −2.89, P< 0.01) and 2010 (GLM, t1, 28 = −4.11, P< 0.001), as
well as the increase in abundance forH. phyllodes in 2010 (GLM, t1, 28 = 2.33, P = 0.027).

Bd infection dynamics
Our logistic model of Bd infection revealed significant effects of season (β = 3.11 ± 0.89,
DF = 102, Z = 3.51, P< 0.001) and species (β = 2.20 ± 0.90, DF = 102, Z = 2.45, P = 0.014). The
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prevalence of Bd in individuals sampled during winter was significantly higher than those sam-
pled during summer (Fig 4) (P< 0.001), and C. boraceiensis showed higher infection load than
the other two species. In addition, we found a marginal effect of the interaction between season
and species for C. boraceiensis (β = -2.20 ± 1.13, DF = 102, Z = -1.95, P = 0.051). We did not
detect any effects of these variables on Bd infection intensity, even after excluding uninfected
frogs (Quasipoisson GLM: all P> 0.05).

We observed six cases of dead or dying frogs in the field during the course of the demo-
graphic study (three H. asper, two C. boraceiensis, and oneH. phyllodes; Fig 1A, represented by
asterisks). Frog mortality occurred mostly during the cool-dry periods of the year (Fig 2B).

Fig 1. Mean number of individuals, temperature and precipitation. Four-year time series data of: (A) the mean number of individuals found in four stream
transects, and (B) monthly minimum temperature (°C) and precipitation (mm) at Parque Estadual da Serra do Mar, Brazil. Shaded bars highlight
Batrachochytrium dendrobatidis swab sampling. The first asterisk (dead or dying frog) for C. boraceiensis represents two individuals found within 3 days.
Sampling began February 2007 and continued monthly through January 2011.

doi:10.1371/journal.pone.0130554.g001
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The relationship between seasonal variation in Bd prevalence and host abundance was dif-
ferent across the three species. Cycloramphus boraceiensis showed no seasonal pattern of infec-
tion and population abundance. The prevalence of Bd in the population ofHyllodes phyllodes
was higher during winter (P = 0.05) despite its lower population abundance (Fig 1A). In con-
trast, Hylodes asper showed different Bd prevalence between seasons (P< 0.001), being more
infected during the winter than summer, when the number of individuals was also greater (Fig
1A). Although infection in the population of H. aspermay have been underestimated during
summer 2008 due to smaller sample size, these results indicate that seasonality may have differ-
ent effects on disease dynamics across syntopic species. Re-analyses with larger sample sizes of
population disease data would be interesting to confirm these possible differences.

Discussion
Understanding the effects of pathogens on wildlife requires long-term datasets to identify
potential changes in natural population dynamics [37,38]. Our demographic surveys indicate
that the three focal species of stream-dwelling frogs in Brazil have experienced periods of slight
population growth, declines, and recovery over the four-year study. At the same time, climate
in this area has become warmer and drier. Although we did not include a continuous survey of
Bd infection through time for these three species, we found a higher probability of infection
during winter months, and we report Bd-associated mortalities during cool-dry periods, which
have also been observed in other studies of Bd enzootics in the tropics [39–41].

Fig 2. Seasonal decomposition of frog abundance, temperature and precipitation. Seasonal decomposition of the time series data of: (A) the mean
number of individuals found in four stream transects, and (B) monthly minimum temperature (°C) and precipitation (mm) at Parque Estadual da Serra do Mar,
Brazil.

doi:10.1371/journal.pone.0130554.g002
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Our three focal species live in the same microhabitat, thus the risk of exposure and infection
is likely constant across species, yet our Bd survey data indicate that the three species rely on
different strategies to persist under climate variation and disease. Hylodes species are diurnal;
in contrast, Cycloramphus species are crepuscular and nocturnal [23]. Temperatures differ
between diurnal and nocturnal activity periods, and this in turn potentially modulates immune
responses to infection [42] or the ability of hosts to reduce infection loads through behavioral
fever [43,44]. Therefore, diurnal behavior may benefit Hylodes spp. by providing opportunities
to increase their body temperature above 30°C, a temperature that kills infective zoospores
[44,45]. Indeed, we observed individuals of both species ofHylodes under direct sunlight in
many instances. In contrast, C. boraceiensis retreat in rock crevices during the day and do not
experience the same breadth in temperatures, and we never found C. boraceiensis under direct
sunlight [46]. Additionally, susceptibility to Bd infection may differ between the frog lineages
studied (Hylodidae and Cycloramphidae) due to variation in immune function [47,48]. Future
studies should investigate the immune limitations imposed by strictly nocturnal behavior as
well as a possible phylogenetic signal in the vulnerability to Bd infection.

Long-term monitoring is especially important in cases of hosts surviving with enzootic
pathogens, because only temporal demographic patterns can reveal if the observed changes in
population size are of a scale that negatively impacts the probability of long-term population

Fig 3. Frog abundance, temperature and precipitation. Trends of the time series data of: (A) the mean number of individuals found in four stream
transects, and (B) monthly minimum temperature (°C) and precipitation (mm) at Parque Estadual da Serra do Mar, Brazil.

doi:10.1371/journal.pone.0130554.g003
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persistence. Fluctuations in environmental variables can affect the stability of amphibian popu-
lation dynamics by influencing species’ survival, fecundity, breeding, or recruitment [49]. Only
one previous study has estimated population parameters for our focal species. InH. asper,
recruitment of juveniles is high and populations have almost complete annual turnover, raising
concerns that even minor environmental changes could affect populations [50], and perhaps
explain local extinctions of Hylodes observed in the late 1970s [1]. Indeed, our monitoring
studies provide additional support for these findings by showing a decline in mid-2008 that
corresponded with an increase in temperature and drier conditions (Fig 3). At the population
level, our findings indicate that both H. phyllodes and C. boraceiensis showed a decrease in Bd
prevalence over a period of six months (20–30% reduction in prevalence, Fig 4). Combined,
our results show how two different stressors (infection and climate variation) can interact to
affect population dynamics. Fortunately, the three species studied here show apparent resil-
ience to these changes in temperature, precipitation, and infection. However, whether or not
this advantage carried sub-lethal fitness costs is unknown.

In addition to revealing interspecific differences in the probability of infection among
stream-dwelling frogs, our results corroborate seasonal variation in the prevalence of Bd, a pat-
tern that has been documented in other tropical and temperate taxa [40,51,52]. In general, we
found more infected frogs in the month with the coolest air temperature (Fig 4), indicating that
environmental variables potentially increase host vulnerability to Bd in cold temperatures by
one of two mechanisms: (1) immunosuppression or (2) stimulating pathogen replication in the
environment. In fact, although cooler temperatures decrease Bd growth rate, they also stimu-
late zoosporangia to produce greater number of zoospores, which remain infectious for longer
periods, a life history trade-off that could favor Bd transmission at lower temperatures [53].

According to the Intergovernmental Panel on Climate Change [54], many areas in the
Americas will experience a 4–4.5°C increase in surface temperatures and severe droughts as the
result of anthropogenic climate change [54]. These projections also forecast an increase of 10–
15% in autumn rainfall and increased droughts during the austral summer [54]. These changes

Fig 4. Intensity ofBd infection. Batrachochytrium dendrobatidis infection intensity of Cycloramphus
boraceiensis (Cb), Hylodes asper (Ha) andHylodes phyllodes (Hp) during winter and summer stream
surveys at Parque Estadual da Serra do Mar, Brazil. The total number of individuals swabbed is shown in the
bottom of each bar. Wemeasured genomic equivalents (GEs) using qPCR, and report the proportion of
individuals infected by each zoospore category: 0, 1–10, 11–100, 101–1000, and >1001 GEs.

doi:10.1371/journal.pone.0130554.g004
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impact frog phenology in different ways. First, more rainfall during autumn will increase
reproduction in active frogs, but could limit juvenile survival if earlier life stages are more vul-
nerable to winter infection [55,56]. Second, droughts increase stress in amphibians and may
also limit juvenile recruitment if species are not able to adapt rapidly to these novel conditions
[57,58]. Alternatively, given the resilience observed in these three species, we can also predict a
scenario more favorable for amphibians, in which increased temperatures could benefit tem-
perature-dependent immune responses and the capacity to express behavioral fever. This
would require very specific physiological adaptations to temperature as well as the availability
of different microhabitats for thermoregulation. However, due to the tight interplay between
hosts and pathogen, these scenarios will likely depend on the responses of the pathogen, which
could be highly plastic [59]. Future studies in seasonally variable regions where Bd is endemic
should focus on understanding the evolutionary potential of thermal tolerance across Bd line-
ages, as well as quantifying juvenile survival and recruitment under different temperatures and
infection scenarios.

Supporting Information
S1 Table. Geographic positions and brief description of each stream transect.
(PDF)

S2 Table. Data from amphibian samples collected at Parque Estadual da Serra do Mar,
Picinguaba.
(PDF)
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