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Abstract

Worldwide, amphibian populations have been declining rapidly. This decline can be attributed to
many factors including climate change, pesticide exposure, and emerging infectious diseases, among
other important factors, but few studies have examined the influence of species interactions. In this
study, we examined how habitat factors and co-occurring avian and mammalian species, as well
as humans, exert direct and indirect effects on Neotropical amphibian population dynamics. We
further examined how these habitat and species interactions could affect our ability to reliably detect
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amphibian presence to robustly estimate population trends. We conducted amphibian visual encounter
surveys at 26 randomly selected sites in the La Selva Biological Station, in northeastern Costa Rica,
as well as 26 sites across five additional forest fragments in the region. Furthermore, we used camera
traps to collect data on avian and mammalian communities and human visitation at those amphibian
survey plots. From these data, we were able to estimate species occupancy probabilities for leaf litter
frogs across sites and their relationships to habitat and interspecific species interaction covariates.
We also conducted an experiment with plastic model frogs to estimate detection probabilities when a
population is known to occur at a site with certainty. Our results suggested that strawberry poison dart
frog (Oophaga pumilio) occupancy was positively related to secondary forest and their detection was
negatively related to increasing air temperatures at the times of the surveys. Leaf litter frog occupancy
was negatively related to core La Selva sites and human detections at sites, yet their detection was
positively related to human trail presence, which might be related to reduced leaf litter cover due to
heavy trampling. Our experimental surveys suggested that Neotropical leaf litter frog communities are
difficult to detect when present and future studies should explicitly account for this detection bias to
effectively monitor population trends.

Resumo

Em todo o mundo, as populagdes de anfibios tém diminuido rapidamente. Esse declinio pode ser
atribuido a muitos fatores, incluindo mudangas climaticas, exposi¢do a pesticidas e doencas infec-
ciosas emergentes, mas poucos estudos examinaram a influéncia das interagdes entre espécies. Neste
estudo, examinamos como os fatores de habitat e as espécies de aves e de mamiferos que coexistem,
bem como os humanos, exercem efeitos diretos e indiretos sobre a dindmica populacional de anfibios
neotropicais. Além disso, examinamos como essas interacdes de habitat e espécies poderiam afetar
nossa capacidade de detectar com seguranga a presenga de anfibios para estimar tendéncias popu-
lacionais de maneira robusta. Realizamos pesquisas de encontros visuais com anfibios em 26 locais
selecionados aleatoriamente na Estagdo Bioldgica La Selva, no nordeste da Costa Rica, além 26 sitios
de cinco fragmentos florestais adicionais na regido. Além disso, usamos armadilhas fotograficas para
coletar dados sobre comunidades de aves e mamiferos e visitagdo humana nessas parcelas de pesquisa
de anfibios. A partir desses dados, pudemos estimar as probabilidades de ocupagido de espécies para
dois grupos de ras de serapilheira em locais dependentes de habitat e covariaveis de interagao inter-
especifica. Também realizamos um experimento com modelos de plastico para estimar as probabili-
dades de detecgdo quando se sabe com certeza que uma populagdo ocorre em um local. Nossos resul-
tados sugerem que a ocupacao pela rd morango (Oophaga pumilio) esteve positivamente relacionada
a floresta secundaria e sua detec¢do, negativamente relacionada com o aumento da temperatura do ar
nos periodos dos levantamentos. A ocupagao por ras de serapilheira esteve negativamente relacionada
com os sitios centrais de La Selva e detecgdes humanas nos sitios, ainda que sua detecgao tenha estado
positivamente relacionada a presenga de trilhas humanas, o que pode ser explicado pela redugao da
cobertura da serapilheira devido ao pisoteio intenso. Os resultados sugerem que as comunidades de
ras neotropicais da serapilheira sdo dificeis de detectar em campo; estudos futuros devem considerar
esse viés de detec¢do para monitorar efetivamente as tendéncias populacionais.
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Introduction

Amphibian populations worldwide have declined rapidly over the last few decades
(Carey 2000). There are many hypotheses that attempt to explain this phenomenon,
but the major factors implicated in their decline are human-induced habitat loss, in-
vasive species and disease outbreaks (Whitfield et al. 2007; Cove and Spinola 2014).
Lips et al. (2003) suggested that frogs, in particular, are highly affected by climate
change, environmental stress and habitat change, suggesting, in addition, that frogs
are useful environmental indicators (Phillips, 1990). Amphibian declines can occur
anywhere, even in mostly intact and protected forest, for example, the well-protect-
ed La Selva Biological Station in northeastern Costa Rica has been experiencing
rampant and enigmatic declines of this group of animals in recent history (Whit-
field et al. 2007).

Whitfield et al. (2014) observed that leaf litter provides valuable habitat and prey
resources making it vital to many amphibian populations in the tropics. Leaf litter
is affected by climate dynamics, but also by mammalian taxa that trample, root, and
dig through it (Reider et al. 2013). For example, collared peccaries (Pecari tajacu
Linnaeus, 1758) have experienced recent population growth at La Selva (Romero
et al. 2013), which one would think exerts an impact on amphibian communities,
but different research studies have revealed varied results. Reider et al. (2013) sug-
gested that herpetofauna are positively related to collared peccary occurrence via
the comparison of frog counts from peccary exclosure plots to control plots. Yet,
McKone et al. (2014) hypothesized that collared peccaries are responsible for bro-
meliad declines and are therefore indirectly causing declines in strawberry poison
dart frog (Oophaga pumilio Schmidt, 1857) populations. However, neither study has
measured or directly incorporated peccary (or other predator) abundance data into
their analyses. Additionally, many other potential avian and mammalian predators
of frogs commonly occur in and around La Selva (e.g., great curassow [Crax rubra
Linnaeus, 1758] and white-nosed coati [Nasua narica Linnaeus, 1766] — Paluh et
al. 2015; Pardo et al. 2016; Pardo et al. 2017), which could also have an effect on
amphibian communities due to predation or trampling and rooting of leaf litter
habitat at various scales. Furthermore, humans and their use of trails may further
influence frog communities due to additional trampling of leaf litter affecting the
microclimate and cover from predators.

To examine these potential interspecific species interactions and habitat asso-
ciations, we conducted an observational study paired with a follow-up experiment
to assess the reliability of our observations. Previous studies failed to account for
possible detection bias due to cryptic coloring of many leaf litter frogs or habitat-
specific detection probabilities, which have been suggested to strongly influence in-
ferences in herpetological studies (Mazerolle et al. 2007). The advent of occupancy
models has strengthened our ability to make strong inferences, particularly about
amphibian population trends by incorporating detection probability as a nuisance
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parameter in repeated population surveys (MacKenzie et al. 2006). During the ob-
servational study, we used repeated independent surveys of leaf litter frog popula-
tions at forested sites along a gradient of fragmentation and succession and used
camera traps to evaluate potential avian and mammalian direct and indirect ef-
fects into frogs’ occurrence models. Then, we estimated the probability of detecting
frogs when present in an experimental survey of a known population of plastic frog
models across the same study sites. We predicted that avian and mammalian preda-
tors and other medium to large mammals and humans, due to their trampling and
changes to leaf litter dynamics, as well as fragmentation effects would all play a role
in affecting the distribution and detection of frogs across our survey plots.

Methods

Observational surveys

We conducted this research on the 1600 ha La Selva Biological Station in north-
eastern Costa Rica. La Selva annually receives ~4 m of rain, with a dry season from
January to April, and average temperature approximately of 25 °C. Elevation on
this reserve ranges from 30 to 135 m (Michel et al. 2014). We conducted amphibian
visual encounter surveys (sensu Reider et al. 2013). The survey plots were 10 m x
10 m, which were half the size of study plots from previous research (e.g., Reider et
al. 2013). At the center of each plot, we established camera traps (Reconyx PC800
or PC850, RECONYX, Inc., Holmen WI, USA) to take 10 rapid-fire photos when-
ever motion was detected, but also set them to capture shots every hour in order to
detect other potential amphibian predators such as snakes. The plots were smaller
than previous research so that camera traps could more appropriately detect avian
and mammalian species that entered the survey plots. We deployed cameras for a
period of 6-7 trapnights. Surveys occurred within core La Selva (n = 26) and at five
additional forest fragments (n = 26) in the region to assess landscape-scale habitat
effects of core versus fragmented habitat (Figure 1). Furthermore, we randomly se-
lected plots for surveys as either on human trails (n = 24) or away from human trails
(>20m - n = 28) to examine local-scale edge effects since the human trails are wide
and cleared, we considered these to create forest edges and affect leaf litter dynamics
due to trampling by humans and other mammals. Sites corresponded with concur-
rent surveys of ground-nest predators (Cove et al. 2017; Fernandez and Cove 2016).

We conducted the leaf litter frog surveys from 2 to 4 days after the plot was estab-
lished with the camera trap. During each survey, two independent observers walked
a slow zig-zagging pace through the entire plot from opposite ends, making sure to
not resample or double-count the amphibians encountered. We did not capture or
manipulate any animals, but we did use a 2 m long PVC pipe to gently rustle leaves
so that frogs could avoid being stepped on by observers. Because we did not capture
any individuals, we categorized frogs into two observable classes (Figure 2a, b). Den-
drobatids, particularly Oophaga pumilio, were aposematic and distinguishable from
other species, so these were counted separately from other species. They presumably
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Figure 1. Site locations of 52 observational and experimental surveys of leaf litter frogs from La Selva

Biological Station core forest and forest fragment sites in the San Juan-La Selva Biological Corridor,
Costa Rica (inset), June-July 2016.

are less likely to suffer from direct predation due to their toxic skin secretions and
hence might show a different response from other leaf litter frogs (Paluh et al. 2015).
We considered all other frogs that were cryptic among leaf litter (e.g., Bufonidae,
Craugastoridae, etc.) to belong to the group “leaf litter frogs” Although leaf litter
frogs presumably fill different niches and can be quite diverse, previous observations
of encounter rates made us suspect that they are affected by the same potential ef-
fects of habitat disturbances and interspecific interactions with potential predators
and have experienced declines in La Selva (Reider et al. 2013; Whitfield et al. 2007).

Logistical and weather constraints prevented multiple observers at some sites,
but our modeling framework accounted for this uneven sampling (see Analyses).
Each survey plot was walked within a 20 min window, but we recorded if the period
was shortened as a potential covariate in later analyses, particularly because sites
varied in their ease of survey. Each surveyor’s transect was considered independent,
so the total effort was ~40 human-minutes per plot, which was comparable to previ-
ous studies (Reider et al. 2013), but we also used these repeated surveys to explicitly
account for and estimate detection bias (e.g., MacKenzie et al. 2006).

Experimental surveys

Immediately following the initial observational amphibian surveys conducted at each
site, we established an experimental survey. One of the surveyors selected a random
sample of plastic frog models to place in the environment for the other surveyor(s).
The frog models ranged in size from 22-50 mm and were painted to represent four of
the most commonly detected frogs (Oophaga pumilio, Craugastor bransfordii Cope,
1885, C. megacephalus Cope, 1875, and Pristimantis cerasinus Cope, 1875) at La Sel-
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Figure 2. Sample photos of (a) leaf litter frog and (b) strawberry poison dart frog (Oophaga pumilio),
and examples of (c) leaf litter frog plastic frog model and (d) strawberry poison dart frog plastic frog
model in the field, and site photos showing the difference in leaf litter between survey locations on
trails (e) versus off trails (f) in La Selva Biological Station, Costa Rica.

va (e.g., Reider et al. 2013 - Figure 2c, d). The surveyor placed the frogs randomly
throughout the plot, recorded the number of each group (e.g., poison dart frogs ver-
sus leaf litter frogs) and timed the experiment to be the same length as the previous
amphibian surveys. One or two observers repeated the previous observational sur-
vey, without knowledge of the number of plastic frog models at the site.
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Analyses

We employed analytical approaches to account for variation in the detection process
of frogs at each site. We used occupancy models (MacKenzie et al. 2006) to esti-
mate site occupancy probabilities (y - e.g., the probability that a site is occupied)
of each frog group. We created detection histories (1=detected, 0=not detected) as
input for single season occupancy models within the freely available software PRES-
ENCE (Hines 2012). We included covariates on both detection probability (p) and
site occupancy (y). We first compared seven detection models that included (1) tem-
perature at time of survey (continuous), (2) rain conditions (binary, rain = 1), (3)
survey duration (continuous time), (4) surveyor-specific (categorical), (5) human
trail (binary, trail = 1), or (6) trample (as described later in text) covariates on detec-
tion probabilities (p) compared to a (7) constant detection model (e.g., no factors
influence detection). From this model comparison, we included the top supported
detection covariate in all further occupancy models (MacKenzie et al. 2006). In the
subsequent occupancy models, we compared the descriptive value of seven site-spe-
cific covariates. These included a (8) binary covariate for sites directly on or off hu-
man trails (local edge effect — Figure 2e, f) and a (9) continuous covariate for distance
to forest edge (landscape edge effect). Furthermore, we included a (10) core forest
versus fragment binary covariate to distinguish between core forest in La Selva and
forest fragments at the other five sites and a (11) binary covariate to distinguish forest
age (e.g., primary versus secondary forest). We used camera trap data as covariates
in occupancy models with a (12) total predator model that included the number of

Table 1. Model selection statistics for models predicting Oophaga pumilio occupancy (y) and detec-
tion (p) from La Selva Biological Station core forest sites and forest fragment sites of the San Juan-La
Selva Biological Corridor, Costa Rica, June-July 2016. Information presented for each model includes:
The AICc values, AICc difference relative to the top model (AAICc), Akaike weight of evidence in fa-
vor of a given model (w,), number of parameters (k), and model likelihood (-2Log-likelihood). Bolded
models exhibit the most useful explanatory value.

Model AICc AAICc w, k —2Log-likelihood
y(forest age), p(temperature) 128.75 0.00 0.147 4 119.90
vy(.), p(temperature) 128.98 0.23 0.131 3 122.48
y(), p() 129.22 0.47 0.116 2 124.98
y(.), p(observer) 129.73 0.98 0.090 3 123.23
y(core forest), p(temperature) 129.89 1.14 0.083 4 121.04
y(predators), p(temperature) 129.92 1.17 0.082 4 121.07
y(human trail), p(temperature) 130.78 2.03 0.053 4 121.93
y(distance to edge), p(temperature) ~ 131.06 2.31 0.046 4 122.21
y(.), p(rain) 131.09 2.34 0.046 3 124.59
y(.), p(human trail) 131.14 2.39 0.044 3 124.64
y(humans), p(temperature) 131.21 2.46 0.043 4 122.36
y(.), p(trample) 131.32 2.57 0.041 3 124.82
y(trample), p(temperature) 131.33 2.58 0.040 4 122.48
y(.), p(survey time) 131.40 2.65 0.039 3 124.90
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Table 2. Model selection statistics for models predicting leaf litter frog occupancy (y) and detection
(p) from La Selva Biological Station core forest sites and forest fragment sites of the San Juan-La Selva
Biological Corridor, Costa Rica, June-July 2016. Information presented for each model includes: The
AICc values, AICc difference relative to the top model (AAICc), Akaike weight of evidence in favor
of a given model (wi), number of parameters (k), and model likelihood (-2Log-likelihood). Bolded
models exhibit the most useful explanatory value.

Model AlICc AAICc w, k —2Log-likelihood
y(core forest), p(human trail) 128.42 0.00 0.349 4 119.57
V(.), p(human trail) 130.25 1.83 0.140 3 123.75
y(humans),p(human trail) 130.83 2.41 0.105 4 121.98
y(.), p() 131.30 2.88 0.083 2 127.06
y(), p(rain) 131.72 3.30 0.067 3 125.22
y(trample), p(human trail) 131.89 347 0.062 4 123.04
y(forest age), p(human trail) 132.47 4.05 0.046 4 123.62
y(distance to edge), p(human trail) 132.56 4.14 0.044 4 123.71
y(.), p(trample) 132.66 424 0.042 3 126.16
y(.), p(observer) 132.95 4.53 0.036 3 126.45
y(.), p(survey time) 133.54 5.12 0.027 3 127.04

Table 3. Model selection statistics from experimental surveys predicting plastic model Oophaga pu-
milio occupancy (y) and detection (p) from La Selva Biological Station core forest sites and forest
fragment sites of the San Juan-La Selva Biological Corridor, Costa Rica, June-July 2016. Informa-
tion presented for each model includes: The AICc values, AICc difference relative to the top model
(AAICc), Akaike weight of evidence in favor of a given model (w,), number of parameters (k), and
model likelihood (—2Log-likelihood).

Model AICc AAICc w, k —2Log-likelihood
(), p() 81.27 0.00 0.152 2 77.03
y(.), p(observer) 81.43 0.16 0.140 3 74.93
y(.), p(rain) 81.75 0.48 0.120 3 75.25
y(.), p(forest age) 81.91 0.64 0.110 3 75.41
y(.), p(trample) 82.75 1.48 0.073 3 76.25
y(.), p(temperature) 83.34 2.07 0.054 3 76.84
y(.), p(survey time) 83.39 2.12 0.053 3 76.89
y(forest age), p(.) 83.49 2.22 0.050 3 76.99
y(.), p(human trail) 83.49 2.22 0.050 3 76.99
y(distance to edge), p(.) 83.50 2.23 0.050 3 77.00
y(core forest), p(.) 83.51 2.24 0.050 3 77.01
y(.), p(core forest) 83.51 2.24 0.050 3 77.01
y(.), p(distance to edge) 83.53 2.26 0.049 3 77.03

potential avian and mammalian predator detections at a site. We also formulated a
(13) trample model which included the detections of large and/or gregarious mam-
mals (collared peccaries, white-nosed coatis, and red brocket deer [Mazama ameri-
cana Erxleben, 1777]) and humans that affect leaf litter dynamics via trampling and/
or displacement. Finally, we included a (14) human model (e.g., number of human
detections) to examine how their effect alone compared to avian and mammalian
community members. We compared these 14 a priori models via AICc (corrected
for small sample size) model selection and excluded models that failed to converge
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Table 4. Model selection statistics from experimental surveys predicting plastic model leaf litter frog
occupancy (V) and detection (p) from La Selva Biological Station core forest sites and forest fragment
sites of the San Juan-La Selva Biological Corridor, Costa Rica, June-July 2016. Information presented
for each model includes: The AICc values, AICc difference relative to the top model (AAICc), Akaike
weight of evidence in favor of a given model (w,), number of parameters (k), and model likelihood
(—2Log-likelihood).

Model AICc AAICc w, k —2Log-likelihood
y(.),p(survey time) 84.41 0.00 0.291 3 77.91
y(forest age),p(survey time) 84.78 0.37 0.242 4 75.93
y(distance to edge),p(survey time) 85.36 0.95 0.181 4 76.51
y(core forest),p(survey time) 85.74 1.33 0.150 4 76.89
y(.),p(human trail) 89.06 4.65 0.029 3 82.56
y(.),p(core forest) 89.46 5.05 0.023 3 82.96
y(.),p(trample) 89.82 5.41 0.020 3 83.32
y(.),p(.) 90.04 5.63 0.017 2 85.80
y(.),p(distance to edge) 90.34 5.93 0.015 3 83.84
y(.),p(forest age) 90.63 6.22 0.013 3 84.13
y(.),p(observer) 91.79 7.38 0.007 3 85.29
y(.),p(temperature) 91.93 7.52 0.007 3 85.43
y(.),p(rain) 92.26 7.85 0.006 3 85.76

from further comparisons. We considered models and their covariates to have use-
ful explanatory value if they had substantial relative model Akaike weights (w,) and
they outcompeted the null model [y(.), p(.)] with constant occupancy and detection.

Results

We conducted 93 independent repeated amphibian surveys across 52 different sites
in total, as well as 51 experimental surveys for a known number of plastic frog mod-
els at the same sites. We observed 129 frogs across all sites. Of the 129 frogs, 70 were
Oophaga pumilio and 59 were leaf litter frogs. From camera trap data, we detected
484 potential avian and mammalian predators and humans across core La Selva
sites, compared to 138 potential avian and mammalian predator and human detec-
tions from across the forest fragment sites.

We detected strawberry poison dart frogs at 29 of the 52 sites (naive occupancy
= 56%). Two of the strawberry poison dart frog occupancy models received sub-
stantial Akaike weight and were more supported than the constant model (Table 1).
The top supported model suggested that strawberry poison dart frog occupancy was
negatively associated with primary forest cover (f = -1.81 + 1.34SE) as compared
to secondary forest and tree plantations, leading to derived poison dart frog occu-
pancy probability estimates of y = 0.55 + 0.19SE in primary forest and y = 0.88 +
0.14SE in secondary forest. Additionally, increasing temperature at the time of the
surveys was negatively associated with frog detection (f = -0.41 + 0.28SE), with a
detection probability of p = 0.54 £ 0.10SE when surveys were conducted at the mean
temperature of 28.9 °C.
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We detected leaf litter frogs at 31 of the 52 sites (naive occupancy = 60%). Three of
theleaflitter frog occupancy models received substantial Akaike weight and were more
supported than the constant model (Table 2). Leaf litter frog occupancy was negative-
ly associated with core La Selva forest (B = -3.82 + 9.22SE), but was highly variable,
leading to derived leaf litter frog occupancy probability estimates of y = 0.64 + 0.14SE
in La Selva core forest and y = 0.99 + 0.11SE in forest fragments. The leaf litter frogs
also exhibited higher detection probabilities on human trails (§ = 1.28 +0.61SE), with
derived estimates of p = 0.70 + 0.13SE on human trails compared to p = 0.39 + 0.08SE
at sites away from human trails. Finally, the model with human detections on cam-
eras was also supported with a negative association of leaf litter frog occupancy
(B =-0.55 + 0.45SE) with increasing human detections at each site.

For the experimental surveys using the plastic frog models there was no
correlation between covariates and our ability to detect the Oophaga pumilio
(Table 3). The probability of detecting the Oophaga plastic models when present was
p =0.88 + 0.08SE. The estimated occupancy was 0.74 + 0.089SE (95% CI = 0.53-0.88),
whereas the known occupancy was 0.82, so our estimator was within 1 SE of the
true state. The experimental surveys using the plastic leaf litter frog models showed a
negative relationship with survey time (p = -1.45 + 0.65SE), which was contradictory
to our a priori hypothesis (Table 4). The estimate of occupancy was 0.71 + 0.14SE
(95% CI = 0.38-0.91), whereas the known occupancy was 0.82, so our estimator
was within 1 SE of the true state, though further than the Oophaga estimate. The
probability of detecting leaf litter frogs when present was p = 0.70 + 0.16SE given the
average survey length of 13 minutes per plot in the experimental surveys.

Discussion

We detected leaf litter frogs and poison dart frogs fairly commonly across most
sites, with detections of each group occurring at greater than 50% of sites and de-
tections of at least one frog from either group at 79% of sites (n = 41). While these
detections are not exceptionally low, they are not necessarily encouraging because
previous research has suggested that there are ongoing declines of all herpetofauna
at La Selva (Whitfield et al. 2007). We did not calculate species-specific densities
so our inferences differ from previous research because they are general to straw-
berry poison dart frog and all ‘leaf litter frogs’ occurrence as opposed to abundance,
which would be more indicative of species-specific declines.

Our survey of Oophaga pumilio showed steady, but low numbers of strawberry
poison dart frogs across our sites similar to those observed by Reider et al. (2013).
The models that included interspecific interactions with larger taxa (e.g., trample,
predators, or human models) did not receive substantial support given the data for
Oophaga and revealed almost no association with occupancy or detection. This cor-
responds with our biological expectation, because dart frogs are aposematic and
toxic so we would expect fewer strong direct interactions between this species and
their relatively few potential predators (mostly birds — Paluh et al. 2015) or tramplers
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because they are obvious to humans who can avoid stepping on them. However,
there was a negative association between dart frog detection and temperature. This
suggests that increasing temperature at the time of the surveys negatively affects our
ability to detect frogs when present. This observation also makes biological sense
since frogs likely take refuge in leaf litter during the heat of the day (Whitfield et al.
2014), which should be taken into consideration in repeated monitoring surveys.
The occupancy results suggested a relationship between frog occurrence and forest
age. There seemed to be a higher probability of Oophaga occurrence in secondary
forest, both in core La Selva and outside in other fragmented forest patches. This
result corresponds with previous research that suggests strawberry poison dart frogs
are resilient and relatively common in secondary growth forests (Mckone et al. 2014).

Contrary to the poison dart frog occupancy models confirming our hypotheses,
the occupancy models for leaf litter frogs did not correspond with our a priori pre-
dictions. The most supported model showed higher estimated occurrence probabil-
ities in forest fragments as compared to core La Selva. The negative association be-
tween leaf litter frog occurrence and core forest could be a signal of strong predator
interactions because predators were significantly more abundant in core La Selva
compared to forest fragments (Fernandez and Cove 2016), but this requires further
investigation and species-specific diet analyses. Unfortunately, the predator models
failed to converge and resulted in nonsensical estimates of predator effects, sug-
gesting that the models were overfit to the data or there was difficulty estimating a
parameter effect close to either boundary (e.g., 0 or 1). Similarly, Paluh et al. (2015)
observed that brown frog models (e.g, representative of Craugastor or Pristimantis)
were more commonly consumed than poison dart frog models, signaling more sup-
port for predation pressure as a potential mechanism underlying reduced leaf litter
frog occupancy in core La Selva. Furthermore, the human model received model
support and suggested a negative correlation between human detections at a site
and leaf litter frog occurrence. These species proved to be very difficult to observe,
which could lead to higher rates of trampling by researchers, as well as larger mam-
mals, which likely affects their site occupancy. The influence of heavy human foot
traffic, particularly of researchers and students in tropical research stations, might
warrant further investigation because humans could influence leaf litter dynam-
ics via trampling, but also potentially inadvertently introduce toxins such as insect
repellent or sunscreen into the environment (e.g., DEET - Costanzo et al. 2007).
The presence of human trails can confound inferences about leaf litter frog popu-
lations because we observed that this species group is more detectable on human
trails, which is most likely a consequence of reduced leaf litter for refuge or cover.
Additionally, if frogs were more detectable by surveyors then they are likely more
detectable by predators along human trails due to limited leaf litter cover and this
warrants further research to examine synergistic effects of human trail presence,
humans trampling leaves, and predator abundance along these trails.

The model results for the experimental surveys with plastic Oophaga frog mod-
els showed no correlation between detection probability and the covariates that we
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examined. This was the expected result because the experiment was set up with
completely random distribution of plastic frog models. Strawberry poison dart
frogs, despite their aposematic coloring, were still not detected with 100% certainty
when they were known to occur at a site and detection probabilities were lower than
90%. The plastic leaf litter frog experimental survey results suggested that survey
time was a factor in detection of the cryptic plastic frog models. These plastic frog
models were much more difficult to detect and the more time spent searching the
site for the frogs corresponded with decreased detection probability with a mean
~70%. However, this trend in detection decreasing with increasing survey time is
likely an artifact of sampling areas with a substantial amount of leaves, stems, debris
and downed trees that make it more difficult to survey and took longer but those
obstacles also made it more difficult to detect leaf litter frogs.

Our observational and experimental studies revealed that Neotropical leaf lit-
ter frog communities are difficult to detect when present and future surveys would
benefit from explicitly accounting for detection bias to accurately monitor trends of
these threatened ecological indicators (Mazerolle et al. 2007). For example, Reider et
al. (2013) noted that leaf litter was significantly higher through most of the year in
peccary exclosures due to reduced trampling. Species that were detected more often in
the control sites were very cryptic (Craugastor megacephalus and Pristimantis cerasi-
nus); whereas the two most commonly detected anurans were Oophaga pumilio and C.
bransfordii, which are more easily detectable due to their coloration, were not observed
at different frequencies between control or exclosure sites (Reider et al. 2013). There-
fore, it is probable that the trampling, rooting, and excavated earth created by pecca-
ries, other large mammals, and humans could cause a positive detection bias in favor
of altered habitats due to minimal cover for frogs to take refuge. These biases have the
potential to make it difficult to discern significant differences in species composition or
richness across studies in the tropics. We highly recommend that future surveyors take
these biases into account in order to avoid drawing false inferences that could be im-
portant for endangered or rare species management (Ruiz-Gutierrez and Zipkin 2011).
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