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Taking the lead on climate change: modelling and
monitoring the fate of an Amazonian frog

E L O D I E A . C O U R T O I S , E L O D I E M I C H E L , Q U E N T I N M A R T I N E Z , K E V I N P I N E A U

M A Ë L D EW Y N T E R , G E N T I L E F . F I C E T O L A and A N T O I N E F O U Q U E T

Abstract Climate change is expected to have important im-
pacts on biodiversity. However, cases showing explicit links
between species decline and climate are scarce, mostly be-
cause of a lack of baseline data. Tropical ectotherms with
narrow altitudinal ranges are particularly sensitive to cli-
mate change; for example the frog Pristimantis espedeus
may be at risk, with only nine populations known to date
in French Guiana, all on isolated massifs. Ecological niche
modelling indicated that these populations could disappear
by . To facilitate testing of this prediction we conducted
a study to design an efficient, cost-effective monitoring
protocol, combining occupancy rate estimations using pas-
sive acoustic recorders, and abundance estimations using
acoustic repeated counts and capture–mark–recapture. We
found the passive recorders to be effective, with a detection
probability of .. Two recording sessions were sufficient to
estimate occupancy rates reliably. A minimum of  sur-
veyed sites were required to detect a decline of % in occu-
pancy between two consecutive monitoring events. Acoustic
repeated counts and capture–mark–recapture yielded similar
density estimates (. and . calling males per  m, re-
spectively). Based on these results we present a protocol
based on passive acoustic recording and abundance monitor-
ing to monitor P. espedeus populations.

Keywords Altitude, Amazonia, amphibian decline, climate
change, conservation, French Guiana, Neotropics,
Pristimantis espedeus

Introduction

Climate change will be one of themost significant threats
to biodiversity in the future (Travis, ), and some

studies suggest that climate-driven extinctions and range
reductions are already widespread (Walther et al., ;
Parmesan & Yohe, ; Thomas et al., ). Species
vary in their resilience to climatic change. Climate change
is expected to have greater impact in the tropics (Foden
et al., ) given that tropical species often have narrower
thermal tolerances than temperate species (Sheldon et al.,
; Sunday et al., ). This is particularly true for ec-
totherms such as amphibians (Snyder & Weathers, ;
Buckley et al., ; Duarte et al., ) because their basic
physiology is dependent on environmental temperature
and humidity (Blaustein &Wake, ; Sheldon et al., ).

Latitudinal and altitudinal range shifts that are probably
attributable to climate change have already been reported
for several amphibians (Houlahan et al., ; Stuart
et al., ), with other contributing factors including
pathogenic diseases and habitat loss (Pounds et al., ).
Among these species, those associated with tropical moun-
tainous habitats seem to be particularly vulnerable. These
species often have a restricted distribution (Stuart et al.,
; Pounds et al., ), which is a further cause for
concern. Nonetheless, unambiguous evidence of climate
change-driven decline is scarce (Cahill et al., ) for a num-
ber of reasons: the absence of baseline data, the difficulty in
detecting declines in abundance of rare or elusive species,
and the difficulty in linking these declines unambiguously
to changes in climate (Thomas et al., ). A pertinent
choice of study species, a combination of various methods,
and long-term monitoring of species and environmental
parameters are necessary to overcome these limitations.

Pristimantis espedeus (Amphibia, Craugastoridae) is a re-
cently described arboreal frog species (mean snout–vent
length =  ± SD . mm for adult males) belonging to the
Terrarana, a species-rich neotropical clade (Hedges et al.,
) characterized by direct development, with no free
aquatic larval stage. Females are elusive (only one female
has been collected so far) but males are easily detectable by
their conspicuous calls at dusk and dawn (Fouquet et al.,
). A large proportion of species in this clade occur within
narrow altitudinal ranges, rendering them particularly
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sensitive to climate change. Shifts in altitudinal distribution
have been observed in the Terrarana, potentially related to
changes in precipitation or increasing temperature (Pounds
et al., ; Burrowes et al., ). Pristimantis espedeus is
known to occur only in nine locations, all in French
Guiana on isolated massifs of .  m altitude, and is not
known to occur below m (Fouquet et al., ). This spe-
cies therefore represents a suitable model for investigation of
the impact of climate change on tropical amphibians.

Ecological niche modelling facilitates identification of
relationships between occurrences of a species and environ-
mental or physical variables (Franklin, ; Warren, ).
Combining this with future climate projections could there-
fore facilitate the assessment of the vulnerability of a popu-
lation to climate change (Lemes & Loyola, ; Nori et al.,
). Monitoring could then be used to validate the model
predictions. Such empirical testing of the predictive power
of ecological niche modelling is rare (Dawson et al., ).
It requires long-term monitoring and thus efficient and
cost-effective methods. The choice of monitoring protocol
(capture–mark–recapture, Stanley & Burnham, ; re-
peated counts, Royle, ; or site occupancy, MacKenzie
et al., ) depends on the availability of time and funding,
and on the species’ biology (Joseph et al., ).

We used ecological niche modelling to evaluate how
the populations of P. espedeus could potentially respond
to climate change by , and conducted a pilot study on
a population of P. espedeus to design an efficient and cost-
effective monitoring protocol. We combined estimation of
occupancy rates using passive acoustic recorders and
abundance estimation using acoustic repeated counts and
capture–mark–recapture. These estimates were used to ()
identify the parameters (e.g. month, time of day) influen-
cing the detection probability of the species, and determine
the numbers of recording sessions and sites that would be
necessary for long-term monitoring, and () test whether
the use of acoustic repeated counts provides a reliable esti-
mation of the abundance of calling males. Based on this
pilot study we provide recommendations for the implemen-
tation of a long-term monitoring protocol for P. espedeus.

Study area

The pilot monitoring study was conducted at the Nouragues
Biological Research Station on the Balenfois Massif, in the
Nouragues Natural Reserve in French Guiana (Fig. ).
Mean annual temperature is °C and annual rainfall is
c. , mm, with a rainy season during January–June
(Bongers et al., ).

Methods

Ecological niche modelling

We used the Maxent (maximum entropy) algorithm to
model the current and projected environmental suitability
for P. espedeus. This approach is based on presence data (re-
cords of the species) and it estimates environmental suitabil-
ity on a pixel-by-pixel basis (Phillips et al., ). Suitability
is calculated by minimizing the relative entropy between the
probability densities of the landscape covariates with and
without species presence (Elith et al., ).

FIG. 1 (a) Habitat suitability for Pristimantis espedeus in the
study area under current climatic conditions, based on Maxent
analysis. The rectangle indicates the location of the Balenfois
Massif within the Nouragues Reserve. (b) Distribution of
precipitation in the driest quarter. The white dots indicate
locations of P. espedeus used in ecological niche modelling.
(c) Distribution of annual mean temperature.
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We identified  occurrence sites for the species on nine
massifs in French Guiana. We obtained current climate
data and a projected climate scenario for 

(HadGEM-ES; Moss et al., ) from the WorldClim data-
base. These data were used at a -arc-second spatial reso-
lution and cropped to the coverage of the eastern Guiana
Shield (Fig. ). We used four variables relevant to the species’
association with higher elevation, and its direct development
and reproduction during the rainy season (ALT = elevation,
BIO = annual mean temperature, BIO = annual precipita-
tion and BIO = precipitation in the driest quarter). All cor-
relations between these variables are , .. We selected the
logistic output format because it is robust even when species
prevalence is unknown, and provides an index of suitability
given the constraints imposed by environmental variables
(Phillips et al., ). In this case, grid cells with small logistic
values were predicted to be unsuitable for the studied species
given the ecological niche determined from maximum en-
tropy analysis with actual climatic variables. We used a ran-
dom sample of , sites from the study area as
background data to represent the distribution of environmen-
tal conditions in the area. We used the th percentile train-
ing presence as a suitability threshold (i.e. we assumed that a
cell was suitable if its suitability score computed by Maxent
was in the th percentile of training presence points). The
th percentile threshold is considered to have good predict-
ive capacity (Pearson et al., ).

We used cross-validation to evaluate the robustness of
Maxent models. For this, we ran the model five times,
each time using a different group of cases, using % of pre-
sences as training points and the remaining % as test
points. We then evaluated the performance of models by
comparing areas under the receiver operating characteristic

curve, which measures the quality of a ranking of sites, and
calculating the correlation among suitability maps obtained
using the five training models and using the complete data-
set. We then used the Maxent model to estimate suitable
area for the species under projected future conditions.

Presence/absence protocol

Site occupancy models are particularly well adapted for
tracking changes in a species’ distribution pattern or altitud-
inal range (MacKenzie et al., ). They can be used to es-
timate the detection probability for a given species (i.e. the
probability of detecting a species at a site, knowing that it is
present) and determine its occupancy rate (i.e. the propor-
tion of the site occupied by the species).

We defined seven transects along altitudinal gradients
(i.e. along the slope of the massif; Fig. c), with five record-
ing sites at fixed elevations (, , ,  and m) on
each. There were four recording sessions, in  (
January– February,  February– March,  March–
April, – June). During each recording session we placed
a Song Meter SM digital audio field recorder, equipped
with a horizontally oriented omnidirectional microphone,
at a height of c. . m for  consecutive days at each site
on a transect. Recorders were programmed to record during
.–. and .–. each day, to coincide with the
calling activity of P. espedeus (Fouquet et al., ). Thus six
recordings were made at each recording site in each session
(three at dawn and three at dusk). Recordings were split into
 -minute files, using Slice Audio File Splitter v. . (NCH
Software, Greenwood Village, USA). The first  s of each
recording were visualized as sonograms using Raven Lite
. (Charif et al., ), and these were used to detect the

FIG. 2 (a) Location of the
seven transects used for the
presence/absence protocol.
The rectangle on the inset
indicates the location of the
main map in the Nouragues
Natural Reserve, and the
shaded rectangle indicates the
location of (b). (b) The six
transects, with  calling
survey sites on each transect,
used for the abundance
protocol; the grey circles
indicate the patches used for
the capture–mark–recapture
protocol.
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characteristic call of male P. espedeus (– notes of domin-
ant frequency .–. KHz; Fouquet et al., ).

During each recording session two HOBO data loggers
(Onset Computer Corporation, Bourne, USA) recorded am-
bient temperature and light intensity every  minutes. We
calculated the total light intensity and the minimum tem-
perature during the day for  days on each transect. We
tested whether minimum daily temperature differed
among recording sites (i.e. at each elevation) using
ANOVA. Other confounding factors (e.g. sun exposure,
slope) may also affect minimum temperature but we did
not have sufficient data to include them in the analysis.

Detection/non detection histories (for  recording sites,
sampled  times each) were used to determine detection
probability and occupancy rates (MacKenzie et al., ).
First, we tested whether the session (factor with four levels,
S–S) or the recording period (factor with two levels: dusk
or dawn) had an impact on the detection probability of the
species. For this, we compared the Akaike information cri-
terion of the null model (constant detection probability)
with models taking into account session, recording period,
and their interaction.

To refine the time interval when detection probability is
highest, we split each -hour recording session into eight –
minute segments and constructed a second detection/non
detection history per segment. We then compared a
model taking into account the effect of the time segment
with the null model (constant detection probability).

We tested whether the occupancy rate varied with eleva-
tion by comparing a model taking into account the effect of
elevation on the occupancy rate with the null model (detec-
tion probability and occupancy rate constant). For each test
we used the Akaike information criterion to select among
competing models (Akaike, ). All analyses were carried
out using the package unmarked (Fiske & Chandler, ) in
R v. .. (R Development Core Team, ).

Protocol for abundance of calling males

We defined five additional transects, at fixed elevations (,
, ,  and m; Fig. d). Each comprised  calling
survey sites at –m intervals (Fig. d). We estimated the
maximum detection distance of calling males was 

m. We walked each transect six times during  January–
 April , only under good audio conditions (no rain).
If it began to rain during a session, we discarded the data
from sites surveyed under heavy rain ( of  walks). We
undertook each walk during .–., stopping for 

minutes at each site to estimate the number of calling
males. We analysed these repeated count data using
Royle’s N-mixture models (Royle, ) implemented in
unmarked in R (Fiske & Chandler, ). These models
use spatial replication of repeated count data to estimate
the site-specific number of individuals (N), and can be

used to obtain a proxy of population abundance (Royle,
). Spatial replications at more than one site provide in-
formation on the distribution of N, and reasonable estimates
of abundance even from scarce data (Royle, ). The
abundance of each species at each site is assumed to remain
constant during the survey, and site-specific abundances are
assumed to follow a Poisson or negative binomial distribu-
tion. For three of five transects (,  and  m) the
Poisson distribution fit the data well (goodness of fit,
P = ., . and ., respectively), and neither a
Poisson nor a negative binomial distribution fit the data
from the transects at  and  m (goodness of fit,
P, .). We therefore used a Poisson distribution for all
transects, keeping in mind that the results from transects 
and mneed to be considered carefully. To test the number
of walks necessary for an accurate estimation of the number of
calling males at one site, we ran simulations with an increasing
number of walks (from  to ). For each simulation a sample of
j walks was selected randomly  times; we estimated the num-
ber of calling males for j walks and compared it with the esti-
mation from the maximum number of walks ().

We compared estimates derived from repeated counts
with those of the capture–mark–recapture method. Although
capture–mark–recapture is the most reliable method for mon-
itoringpopulationsover time (Josephet al.,), it oftenyields
unrealistic results in cases of low species density (Courtois et al.,
) and it requires a significant investmentof timeandmoney
(Joseph et al., ). Capture–mark–recapture was undertaken
within two patches ( m at  m and , m at  m;
Fig. d) located next to the transects used for repeated counts.
In each patchwe gathered data on four occasions (once per day
on  consecutive days) in early February . All calling males
encountered were captured, and photographed dorsally and
laterally for individual identification. We performed closed-
capture analysis to estimate abundance and individual detec-
tion probability (p-hat), using CAPTURE implemented in
MARK (White & Burnham, ). Given the short sampling
period, and because the movement capability of P. espedeus is
likely to be limited, we assumed that the closure assumption
was met (Stanley & Burnham, ).

Power analysis

Using occupancy rates and detection probabilities estimated
in this pilot study, we expect to propose adapted recommen-
dations for surveying P. espedeus (Guillera-Arroita et al.,
). Firstly, we determined the number of survey visits
(K) required to estimate species presence at an occupied
site with a probability of .:

K = log(1− P′)
log(1− P)

where P is the probability of detection and P′ = . is the
probability of detecting the species at least once.

4 E. A. Courtois et al.
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We used occupancy rates and detection probabilities
estimated previously at each elevation (Guillera-Arroita
et al., ) to optimize the study design for detecting a de-
cline in occupancy rate. We used a design with S sites
sampled K times (we estimated the number of survey visits
(K) that are necessary to detect the species at least once
with a probability close to one (.) given the detection
probability of the species estimated in this study). Based on
this number of survey visits (K) we determined the number
of sampling sites that would be needed to detect a decline in
occupancy rate between two surveys, given a proportional de-
cline (effect size) R. We set the power (i.e. the probability of
detecting a decline) at .. The number of sites required was
then defined as

S = ( f1 + f2) × za/2 + zb
C1 −C2

( )2

whereΨ is the initial occupancy rate andΨ is the occupancy
rate after a proportional change R defined as Ψ =Ψ (′R).
Terms f and f are defined as f =Ψ (−Ψ + F) and f =Ψ

(−Ψ + F), with F tending to zero as the probability of miss-
ing the species at occupied sites (− P′) tends to zero
(Guillera-Arroita et al., ). The value zi corresponds to α
and β errors. We assessed three effect sizes (R = ,  and
%) using a significance level α = .. We assumed that de-
tection probability and the number of replicate surveys were
the same for both sampling events. For these simulations we
used the R code implemented in Guillera-Arroita &
Lahoz-Monfort ().

Results

Niche modelling The most important variable explaining
the presence of P. espedeus was precipitation in the driest

quarter (.% contribution to Maxent model), followed
by elevation (.%), annual mean temperature (.%)
and annual mean precipitation (.%). The area under
the receiver operating characteristic curve was high
(.), suggesting the model had a good fit. The th
percentile training presence logistic threshold was ..
Considering this value as a suitability threshold, .% of
the area can be considered suitable for the species
(Fig. c). Cross-validation indicated that the model was
robust. In all the cross-validated models, the area under
the curve calculated for the test data was high and similar
to that for the training data (range .–.).
Predicted suitability was similar across all the replicated
models (r. . in all pairwise correlations) and between
the replicated models and the model considering all the
presence sites (r. . in all pairwise correlations). For
this reason we used the model based on all the presence
sites in subsequent analyses. Projections of climate change
under the chosen scenario indicate that a suitable range
for the species may not exist by ; all known presence
sites had suitability values below the threshold (maximum
suitability in  = .).

Variation in detection probability Detection probability
remained constant during January–April, both at dawn
and dusk, but fell to almost zero in June (Table , Fig. a,
b). Taking into account the first three sessions only
(January–April), detection probability was higher at dusk
(..; . ± SD .) than at dawn (.–.;
. ± SD .; Table , Fig. c,d). The probability of
detecting a male in  s during .–. was .,
whereas it was only . during .–.. The peaks in
activity at dawn and dusk coincided with changes in
luminosity (Fig. c,d).

TABLE 1 Model selection for presence/absence surveys ( h sessions and -minute periods) and for abundance estimation using repeated
count data, with number of parameters, Akaike information criterion (AIC), and ΔAIC.

Variable Models*
No. of
parameters AIC ΔAIC

Presence/absence, 2 h session
Effect on detection probability P(S +MD)ψ(.) 9 417.21 0

P(S)ψ(.) 5 427.6 10.39
P(MD)ψ(.) 3 621.65 204.44

Effect on occupancy rate P(.)ψ(E) 6 604.44 0
P(.)ψ(.) 2 629.39 212.18

Presence/absence, 15-minute periods
Dawn P(TS)ψ(.) 9 3117.22 0

P(.)ψ(.) 2 3516.93 399.7
Dusk P(TS)ψ(.) 9 5681.35 0

P(.)ψ(.) 2 8340.7 2659.35
Abundance
Effect on occupancy rate P(.)ψ(E) 8 1660.78 0

P(.)ψ(.) 3 1739.14 78.36

*S, session; MD, moment of the day; E, elevation; TS, time slot
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Variation in occupancy rate Occupancy rate increased
significantly with elevation (close to P= at  m and P= 
above  m; Table ). The lower altitudinal boundary of the
species’ presence was – m (Table ). Minimum daily
temperatures differed significantly as a function of the
elevation (ANOVA, F=., df =, P,.). On average,
temperatures were higher at lower elevations, with a
difference of c. .°C between  m and  m.

Abundance of calling males The abundance of calling
males varied significantly with elevation (Table ), with a
maximum abundance at  m (Fig. ). No calling males
were detected at  m, and therefore we did not run
simulations for this elevation. For other elevations (,

, ,  and  m) the number of calling males
estimated with three, four or five walks was similar to the
number estimated with the maximum number () of walks
(R = ., . and ., respectively). At  m the mean
number of males per site was .. Considering that the
area of detection was a circle of radius c.  m around the
observer, the estimated density was . calling males per
 m. For both patches the best capture–recapture model
was the constant model (M(), i.e. with a constant
individual probability of capture), which provided an
abundance estimate of  ± SD . males for the  m

patch (corresponding to a density of . calling males per
 m) and  ± SD . males for the , m patch
(corresponding to a density of . calling males per  m).

FIG. 3 Variation of detection probability during the four survey sessions at dawn (a) and dusk (b), and variation in detection
probability (filled circles) within a -hour period at dawn (c) and at dusk (d). In (c) and (d), dashed lines indicate the variation in light
intensity averaged across all sites and all transects during the study period.

TABLE 2 Naïve occupancy ( indicates sites where the species as been detected at least once) for each recording site on each transect (T–T),
with the occupancy rate at each elevation, and the number of sites (S) required to detect a decline, for various changes in occupancy
rate (R).

Altitude (m) T1 T2 T3 T4 T5 T6 T7 Occupancy rate S (R = 0.05) S (R = 0.15) S (R = 0.30)

130 0 0 0 0 0 0 0 0
180 1 0 0 0 0 0 0 0.143 ± 0.132 37,606 3,993 926
230 1 1 1 0 1 0 0 0.571 ± 0.187 4,941 550 135
280 1 1 1 1 1 1 1 1 ± 0.00481 259 57 21
330 1 1 1 1 1 1 1 1 ± 0.00481 259 57 21
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Power analysis Given a detection probability of . at
dusk during the rainy season (sessions –), only two
detection events (K = ) were required to determine
species presence at an occupied site with a probability of
.. Even considering K =  for a monitoring protocol,
the number of sites necessary to detect a limited decline
(R = %) would be too high to be implemented ( sites
at  and  m, , sites at  m; Table ). The
number of sites needed to detect population declines of 
or % was reasonable for elevations .  m ( and 

sites, respectively; Table ).

Discussion

A species threatened by climate change

Amphibian population declines and species extinctions began
to be noted in the early s (Houlahan et al., ). Since
then, amphibian decline has come to the forefront of the bio-
diversity crisis. However, reliable estimates of the extent of the
decline of amphibians are limited by several factors, particu-
larly in the tropics (Collins &Halliday, ). Firstly, amphib-
ian taxa are still being described at a high rate (Glaw&Köhler,
), which implies that species loss quantified as a percent-
age of described species is underestimated inmany parts of the
world (Fouquet et al., ). Secondly, many tropical species
are rare or elusive, and therefore long-term monitoring pro-
grammes must be designed carefully to detect population
changes or distributional shifts reliably (Courtois et al.,
). We intended to design a monitoring programme for
P. espedeus before any putative decline is detected.

Ecological niche modelling indicates that the distribu-
tion of suitable environmental conditions for P. espedeus
is small. It matches the known distribution of the species
well: the highest massifs of the easternmost part of the
Guiana Shield. The range of P. espedeus is therefore likely
to be , , km, and fewer than  populations are
known. Thus, if a decline were observed P. espedeus
would meet IUCN criteria for categorization as
Vulnerable. The environmental suitability projected for
 suggests that the extinction of the species is a possi-
bility. The model predictions (an increase in annual tem-
perature and a decrease in rainfall by ) suggest that
the existing conditions at locations where P. espedeus is
present will change and there will be no suitable habitat
for the species. These predictions need to be considered
with caution because they are based on only a few occur-
rences, assume that the present realized niche of the spe-
cies matches its fundamental niche (Soberón & Nakamura,
), and do not take into account any possible physio-
logical plasticity of the species. Furthermore, models were
based on coarse-resolution bioclimatic layers but micro-
habitat site selection can buffer climate, limiting the im-
pact of climatic variation. Ecological niche models based
on macroclimatic variables could thus lead to overly pes-
simistic results (Scheffers et al., ).

The lower elevation at which P. espedeus occurs is –
m, indicating that its distribution is bound by subtle varia-
tions in environmental conditions. Although it is difficult
to establish causal linkages between environmental factors
and species distribution (Walther et al., ), a set of abiotic
parameters, including temperature (our results indicate a
mean difference of c. .°C from  m to  m), are likely
to play a fundamental role in bounding the distribution of P.
espedeus. Niche modelling analysis identifies temperature
and precipitation in the driest quarter as the most important
factors explaining the distribution of the species. Such a pat-
tern of narrow altitudinal distribution appears to be frequent
in the genus Pristimantis, especially in the Andean species
(Lehr & Duellman, ), and suggests that this species
could be particularly vulnerable to climate change. A slight
temperature increase (°C during –) was implicated
in the population decline of several Eleutherodactylus spp. in
El Yunque, Puerto Rico (Burrowes et al., ). Climate
change is expected to result not only in a temperature increase
but also in decreased precipitation, which would probably
also influence any decline of P. espedeus, as has been the
case for other tropical mountain species (Pounds et al.,
). Moreover, there is evidence of drought-related decline
and increased vulnerability to the pathogenic fungus
Batrachochytrium dendrobatidis in Eleutherodactylus species
(Longo & Burrowes, ), and the prevalence of the fungus
in the P. espedeus population should be assessed as soon as
possible, as it is known to occur in French Guiana
(Courtois et al., ). An efficient monitoring protocol is

FIG. 4 Number of calling males per site at each elevation
surveyed. The bottom and top portions of the boxes represent
the first and third quartiles, respectively, and the band between
represents the median. The whiskers indicate the limits that
include % of the data. Points represent outliers.
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therefore needed for early detection of a decline in the distri-
bution or abundance of the species.

Monitoring a climate-driven decline

Our study provides some insights for implementing a mon-
itoring programme for P. espedeus. Using passive acoustic re-
corders the probability of detection of P. espedeus during the
rainy season is high (P = .), implying that two recording
sessions are sufficient to estimate occupancy rates for the spe-
cies and, therefore, it would be feasible to monitor a large
number of sites each year. Moreover, power analysis indicates
that, given the high occupancy rate at altitudes$ m, the
number of sites necessary to detect a decline in occupancy
rate is moderate (e.g.  sites to detect a % decline with a
power of .). Detecting a shift in altitudinal distribution
(i.e. detecting a decline in occupancy rate at the lower
elevation limit), however, would be more difficult given the
lower occupancy rates below  m. The calling activity of
P. espedeus is limited to dawn and dusk, with peaks of activity
during .–. and .–. and with more activity at
dusk. Such patterns of crepuscular activity are typical inmany
tropical anurans, particularly Pristimantis (Lehr &Duellman,
). The physiological determinant of this calling phen-
ology is still debated (Lüddecke et al., ) but it is an im-
portant parameter for a monitoring protocol because it
defines a narrow temporal window when detection is likely.

Estimates of population density based on audio transects
and repeated count data were similar to those based on the
capture–mark–recapture protocol (. and . calling
males per  m, respectively). This suggests that repeated
counts can provide reliable estimates for this species, which
can be used to track changes in male abundance over time.
Three detection events during the breeding season are suf-
ficient to obtain a reliable estimate of the number of calling
males. Repeated counts have advantages over capture–
mark–recapture: they are less invasive, and a wider area
can be monitored (Rödel & Ernst, ). They have pro-
vided evidence of a decline in Eleutherodactylus gryllus
(Puerto Rico), from . to . calling males per  m dur-
ing – (Burrowes et al., ). Density estimation
based on number of individuals counted (either through
repeated counts or capture–mark–recapture) may be biased
because individuals may not reside permanently in the area
sampled (Kéry, ). The magnitude of the discrepancy de-
pends on the dispersal ability of the species and the time
frame of the survey protocol (Kéry, ). As the biology
of P. espedeus suggests low dispersal ability and as our
study was conducted over a short time period, such bias
was probably limited.

The combination of ecological niche modelling with fu-
ture climate projections is a useful tool to assess population
vulnerability to climate change (Lemes & Loyola, ; Nori
et al., ). However, testing such predictions is difficult

because it requires gathering distribution and abundance
data over a long time period. We propose that a standard
monitoring protocol for P. espedeus should include ()  re-
cording sites to track changes in occupancy rates at  m
(the lowest elevation where occupancy rate is equal to one),
with two detection events per year, () six audio transects
for annual repeated counts, with three walks per transect
in good weather conditions, and () monitoring of
Batrachochytrium dendrobatidis prevalence in the popula-
tion. We are beginning to implement this monitoring proto-
col in the northernmost populations (Nouragues, Trinité and
Grande Montagne Tortue) of P. espedeus, where reliable cli-
matic data (temperature, hygrometry and precipitation) are
available, to identify links between potential population
changes and changes in environmental conditions.
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