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Abstract. Atelopus species are among the most endangered anurans, and have recently suffered enigmatic
declines. However, several species for which preventive actions have been proposed continue to be recorded
in Colombia. As an initial step for preventive actions, we assessed the baseline population status for Atelopus
elegans at the Parque Nacional Natural Gorgona. We conducted distance sampling based on perpendicular
measures to estimate population density, and compared six models based on three functions (uniform, half
normal, and hazard rate) in combination with three expansion series (cosine, simple polynomial, and hermite
polynomial) by using the Akaike Information Criterion. A total of 123 individuals were observed. The Hazard
rate function with Cosine and Simple polynomial expansion series were the models with the lowest AIC values.
Estimated population density for A. elegans was 0.01 individuals/m2 with a 55% detection probability.
Furthermore, a power analysis, with the current sampling design, showed that three annual surveys in a five-
year program would detect a 12% change in population density. Since amphibian populations can quickly
decline, we recommend a sampling design that enhances sample size, in order to increase the sensitivity to

detecting population fluctuations.
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Amphibians represent one of the most endangered
group of vertebrates with at least a third of the
species being threatened (Stuart et al. 2004, Stuart
et al. 2008). Amphibians have experienced
population declines and even local and regional
extinctions because of threats like habitat
loss, emergent diseases,
pollution, invasive species, and overexploitation
(Sodhi et al. 2008, Bielby et al. 2008). Each one of
these threats can act independently or in synergy,
and the effects could be exacerbated by global
climate change (Sodhi et al. 2008, Hof et al. 2011).
Furthermore, intrinsical traits of many species,
such as their rarity (reduced population size, small
geographic range, and habitat specialization;
Rabinowitz 1986), contribute to increasing their
extinction risk (Sodhi et al. 2008).

Particularly, anurans of the genus Atelopus or
harlequin frogs have experienced fast and
enigmatic declines (La Marca et al. 2005, Pounds et
al. 2006, Stuart et al. 2008), including inside
protected areas. Many species of harlequin frogs
have become difficult to observe or they are no

transformation and

longer found, therefore it is feared that many
species in the genus have disappeared (Lotters et
al. 2004, Lotters 2007). In Colombia, about 80% of
the Atelopus species are threatened with extinction
(Gomez-Hoyos et al. 2014). But populations of
critically endangered species have been recently
recorded, such as Atelopus nahumae, A. laetissimus
and A. carrikeri in the Parque Nacional Natural
(PNN) Sierra Nevada de Santa Marta (Carvajalino-
Fernandez et al. 2008, Rueda Solano 2008, 2012), A.
spurrelli in the PNN Utria (Gémez-Hoyos et al.
2014), A. aff. limosus in Capurgand municipality
(Flechas et al. 2012b), and Atelopus elegans in PNN
Gorgona (Flechas et al. 2012a, 2012b). Persisting
populations offer an opportunity to conserve and
manage these threatened species.

The Elegant Stubfoot Toad (Atelopus elegans)
has been considered Critically Endangered (IUCN
2015) because of a drastic population decline
possibly due to chytridiomycosis (Coloma et al.
2010). Despite its vulnerability to extinction, few
population studies have been performed for the
species, and there are no population monitoring
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strategies. Proposed mitigation actions include
extensive fieldwork to assess population status
through monitoring programs (La Marca et al.
2005, Lotters 2007, Lampo et al. 2012). These
programs should be implemented using robust
sampling methods (Crossland et al. 2005, Dénes et
al. 2015), that include population parameter
estimates based on models. Information on
population trends is needed to take appropriate
actions in management and conservation (Gémez-
Hoyos et al. 2014). Hereby, we present the baseline
population assessment for A. elegans from the
PNN Gorgona performed with distance sampling
methods, and analyze the statistical power of
detecting population density changes with these
methods.

Study area. The Parque Nacional Natural Gorgona is
located from 02°47'-03°06' N and 078°06'-078°18' W in the
Pacific, department,  Guapi
municipality (BirdLife International 2012; Fig. 1). The
national park occupies an area of 60.357 ha, of which
1.600 ha represent island territory (Vasquez & Serrano
2009), and spans an altitudinal gradient from sea level to
338 m. Gorgona island lies in the Intertropical
convergence zone, which determines a bi-seasonal
pattern and annual unimodal precipitation pattern
(Zapata et al. 2010), with an annual average temperature
of 26 °C, relative humidity of 90% and precipitation of
6.700 mm. High precipitation maintains 25 permanent
creeks (Gomez-Aguirre et al. 2009).

Sampling design. From March 6-15, 2012, three
observers surveyed 12 transects of variable length (length
measured with GPS, maximum error 6 m) in 7 creeks in
search of A. elegans individuals between 8:00-11:00 in the
morning and 14:00-17:00 in the afternoons (Table 1).
Transects consisted of frog counts along linear trails.
Captured toads were placed individually in plastic bags
to measure snout vent length (SVL) with a caliper (0.1
mm). Low sexual dimorphism prevented
identification, although it was assumed that individuals
with SVL > 29 mm were females. The age categories
correspond to those proposed by Atuesta (2003):
metamorph (SVL: 5-8 mm), juveniles (8.1-15 mm), sub-
adults (15.1-22 mm), adults (22.1-32 mm).
Perpendicular distance to the creek was measured from
the edge of the creek to the exact place where the toad
was first sighted.

Distance sampling. We choose this technique to
survey populations of A. elegans because distance
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sampling estimates population density (Buckland et al.
1993, Thomas et al. 2010, Buckland et al. 2016) with
models that minimize detection bias and that offer greater
inferential power than estimations based on indices in
which detectability is assumed to be perfect (Barry &
Welsh 2001).

The distribution of measured distances obtained
from transects was analyzed using the software
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Figure 1. Geographic location of the study area, Parque
Nacional Natural Gorgona, Colombia.

Table 1. Creeks inspected in the PNN Gorgona, transect
length and applied sampling effort.

Creek Transect Length Sampling effort
(hours/ person)
Ilu 1 123 31
2 137 2.5
3 176 4.8
El Poeta 4 78 1.8
Iguapoga 5 141 4.8
El Cura 6 136 3.0
7 128 4.2
Pizarro 8 149 43
9 153 3.6
Peinemono 10 152 3.2
11 153 3.6
Playa Blanca 12 111 4.9
Average 136.41 3.6
SD 24.95 0.98

DISTANCE 6.0 Release 2 (Thomas et al. 2010). We
generated six models based on three functions (Half
normal, Uniform, and Hazard rate) in combination with
three expansion series (Cosine, Hermite polynomial, and
Simple polynomial), according to the recommendations
made by Buckland et al. (2001). The model that better
adjusted to the perpendicular distance distribution was
selected under Akaike’s information criterion (AIC),
where the lower AIC values indicate the most plausible
model (Burnham & Anderson 2002). The model with the
best fit was used to estimate A. elegans density and
detection probability.

Power analysis. We performed power analysis with the
software MONITOR 11.0 (Gibbs & Ene 2010) to estimate
the statistical power of detecting fluctuations in
population density using distance sampling. Specifically,
we determined the method sensitivity to detect
population changes with power of at least 80% during a 3
to 5 year monitoring program with annual to trimestral
sampling regimes, as proposed by Gémez-Hoyos et al.
(2014) for A. spurrelli in the PNN Utria. Statistical
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Table 2. Models generated and density estimation for Atelopus elegans in the Parque

Nacional Natural Gorgona, Colombia.

Function Expansion series AIC AAIC Parameters Density (CI 95%)
Hazard rate Simple polynomial ~ 356.3 0 2 0.013 (0.008 - 0.021)
Cosine 3583 0 2 0.013 (0.008 - 0.021)
Uniform Simple polynomial  359.88 3.59 2 0.013 (0.008 - 0.021)
Cosine 360.14 3.85 1 0.013 (0.008 - 0.021)
Half normal Hermite polynomial 362.04 5.74 1 0.013 (0.008 - 0.022)
Cosine 362.04 5.74 1 0.013 (0.008 - 0.022)

Table 3. Power statistic estimations and annual exponential changes in Atelopus. elegans

population from the PNN Gorgona.

Years Samplings Significance

Desired Power Annual exponential

of monitoring  per year (a) power  (1-B) change (%)
3 1 0.05 0.8 0.165 20
0.1 0.9 0.271 20
2 0.05 0.8 0.400 20
0.1 0.9 0.608 20
3 0.05 0.8 0.643 20
0.1 0.9 0.779 20
4 0.05 0.8 0.779 20
0.1 0.9 0.811 18
5 1 0.05 0.8 0.563 20
0.1 0.9 0.723 20
2 0.05 0.8 0.800 16
0.1 0.9 0.822 14
3 0.05 0.8 0.786 12
0.1 0.9 0.875 12
4 0.05 0.8 0.877 12
0.1 0.9 0.847 10
significance was a = 0.05 for a desired power to detect a 80
change of 0.8, and a = 0.1 for a 0.9 power (Schwarz 2013). o
We observed 123 A. elegans metamorphs, ©
juveniles, sub-adults, and adults, two of which é 50
were females (Fig. 2). We did not find amplectant § ©
couples, eggs or tadpoles (the last two were not 2
part of the systematic survey). e
Distance sampling. The models with Hazard rate »
function and both expansion series (Cosine and 10
Simple polynomial) best fitted the distributions of 0
observed perpendicular distances (Table 2). These ) sztventlsLen g;lz (mmig =

models estimated a population density of 0.01
individuals/m? (95% CI: 0.01 - 0.02; CV = 24.27 %)
with a 0.55 detection probability (95% CIL: 0.47 -
0.66; CV 8.71%). The component that most
contributed to in density (87%
contribution) was the encounter rate.

Power analysis. The statistical power to detect
changes in A. elegans population density is affected
by the survey duration and by the frequency of
sampling events (Table 3). We found that the
highest power was obtained with a sampling

variance

Figure 2. Frequency distribution of the snout to vent
length in Atelopus elegans individuals observed in
the PNN Gorgona.

program over five years with four samplings per
year; a reduction from trimestral sampling to
quarterly sampling reduced power to 78% of
detecting annual changes of 12% in population
density (Table 3). Such sampling regime could
detect adult aggregation near creeks during
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reproduction or population recruitment when
metamorphs emerge from the creek.

The distribution of SVL and age categories for A.
elegans is similar with that for A. spurrelli in the
PNN Utria (Gémez-Hoyos et al. 2014). In both
species, sexually immature individuals are very
close to the creek, whereas presumed females
move towards the creek when they are ready to
reproduce (Lotters 1996, Lotters 2007, Fig. 2).
Otherwise, the low sub-adult frequency close to
the sampled creeks in A. elegans (Fig. 2) could be
related to the strong seasonality in the distribution
patterns of the species in the island (Atuesta 2003),
or with low recruitment rates. To dismiss the latter
and understand its contribution to population
dynamics, additional sampling effort is necessary.

The density of Atelopus elegans at Gorgona was
lower than the density of A. spurrelli in the PNN
Utria (0.03 individuals/m? 95% CI: 0.022 - 0.038;
Gomez-Hoyos et al. 2014) estimated with similar
sampling effort and design, but higher than the
density obtained by Atuesta (2003) for the same
Gorgona population during the dry season (0.004
individuals/m% CV: 17.82 %) and wet season
(0.004 individuals/m?; CV: 21.27 %) in 2002. While
distance sampling methods were implemented in
all studies, we cannot conclude that there is a
current increase in population density because we
only surveyed creeks, whereas Atuesta (2003)
surveyed the forest interior of the Gorgona island.
Alternatively, our findings would support the
hypothesis by Flechas et al. (2012a) of a population
recovery in recent years, following putative
caused by the chytrid fungus
Batrachochytrium dendrobatidis.

Our estimated population density was less
accurate than those obtained by Atuesta (2003) for
the same species and by Goémez-Hoyos et al.
(2014) for A. spurrelli. Implications for planning a
monitoring strategy include a reduced capability
to detect population fluctuations. Amphibian
populations have declined sharply over short
periods of time (Lips 1999, Young et al. 2001), thus
an ideal population monitoring strategy must be
able to promptly detect declines and to inform
proper management actions (Gémez-Hoyos et al.
2014). We recommend maximizing sample size to
increase the estimation precision (Buckland et al.
2001) and the sensitivity to detect population
fluctuations because the encounter rate most
the

declines

contributed to variance in estimated

population density.

157

Acknowledgments. This project was funded by Parques
Nacionales Naturales de Colombia (research fund “Mono
Hernadndez" code 225). We thank the staff of PNN
Gorgona for field support, and the WCS Colombia
program for advice during study development, Idea Wild
for providing equipment, and anonymous reviewers and
Margarita Gil Ferndndez for their contributions to
enhance the manuscript.

References

Atuesta, N. (2003): Estimacién de la distribucién y densidad de
Atelopus elegans (Boulenger 1882), y su relacion con la estructura
del habitat en la Isla continental Gorgona (Pacifico Colombiano).
Trabajo de grado para optar el titulo de biéloga. Universidad
Nacional de Colombia, Bogota.

Barry, S.C., Welsh, A.H. (2001): Distance sampling methodology.
Journal of the Royal Statistical Society 63(Part 1): 31-53

Bielby, J., Cooper, N., Cunningham, A.A., Garner, T.J., Purvis, A.
(2008): Predicting susceptibility to future declines in the world’s
frogs. Conservation Letters 1: 82-90.

BirdLife International. (2012): Important Bird Areas factsheet:
Parque Nacional Natural Isla Gorgona. <www.birdlife.org>,
accessed at: 2012.03.24.

Buckland, S.T., Anderson, D.R.,, Burnham, K.P., Laake, J.L. (1993):
Distance Sampling: Estimating Abundance of Biological
Populations. Chapman and Hall, London.

Buckland, S.T., Anderson, D.R., Burnham, KP. Laake, ].L.,
Borchers, D., Thomas, L. (2001): Introduction to the distance
sampling: estimating abundance of biological populations.
Oxford University Press, Oxford.

Buckland, S.T., Rexstad, E., Thomas, L., Borchers, D.L. (2016):
Distance sampling surveys of population size: enabling better
decision-making by wildlife managers. pp. 45-51. In: UK Success
Stories in Industrial Mathematics. International
Publishing.

Burnham, K.P., Anderson, D.R. (2002): Model Selection and
Multimodel Inference: A Practical Information-Theoretic
Approach. 2nd Edition. Springer-Verlag, New York.

Carvajalino-Fernandez, J.M., Cuadrado-Pena, B., Ramirez-Pinilla,
M.P. (2008): Registros adicionales de Atelopus nahumae 'y Atelopus
laetissimus para la Sierra Nevada de Santa Marta, Colombia.
Actualidades Biolégicas 30: 97-103.

Coloma, L.A., Ron, S., Bolivar, W., Cisneros-Heredia, D., Létters, S.
(2010): Atelopus elegans. The TUCN Red List of Threatened
Species. Version 2015.1. <www.iucnredlist.org>, accessed at:
2015.06.10.

Crossland, M.R., MacKenzie, D.I., Holzapfel, S. (2005): Assessment
of site-occupancy modeling as a technique to monitor
hochstetter’s frog (Leiopelma hochstetteri) populations. DOC
Research & Development Series 218. New Zealand Department
of Conservation. Wellington, New Zeland.

Dénes, F.V., Silveira, L.F. Beisinger, SR. 2015. Estimating
abundance of unmarked animal populations: accounting for
imperfect detection and other source of zero inflation. Methods
in Ecology and Evolution 6: 543-556.

Gibbs, J.P., Ene, E. (2010): Program Monitor: Estimating the
statistical power of ecological monitoring programs. Version
11.00. <www.esf.edu/efb/gibbs/monitor>,
2012.05.25.

Gomez-Aguirre, A.M., Longo-Sanchez, M.C., Blanco, J.F. (2009):
Macroinvertebrate assemblages in Gorgona Island streams:
spatial patterns during two contrasting hydrologic periods.
Actualidades Biologicas 31: 161-178.

Gomez-Hoyos, D.A., Bolivar-G., W., Burbano-Yandi, C.E., Garcia,
J.L. (2014): Evaluaciéon poblacional y estrategia de monitoreo

Springer

accessed  at:



158

para Atelopus spurrelli en el Parque Nacional Natural Utria,
Colombia. Revista Biodiversidad Neotropical 4: 104-112.

Flechas, S.V., Sarmiento, C., Amézquita, A. (2012a): Bd on the
beach: high prevalence of Batrachochytrium dendrobatidis in the
lowland forests of Gorgona Island (Colombia, South America).
EcoHealth 9: 298-302.

Flechas, S.V. Sarmiento, C., Cardenas, M.E., Medina, E.M.,
Restrepo, S., Amézquita, A. (2012b): Surviving
chytridiomycosis: differential anti-Batrachochytrium dendrobatidis
activity in bacterial isolates from three lowland species of
Atelopus. PLoS One 7: e44832.

Hof, C., Araujo, M.B., Jetz, W., Rahbek, C. (2011): Additive threats
from pathogens, climate and land-use change for global
amphibian diversity. Nature 480: 516-519.

IUCN 2015. The IUCN Red List of Threatened Species. Version
2015-4. <http:/ /www.iucnredlist.org>, accessed at: 2015.06.10.

Lampo, M., Celsa SJ., Rodriguez-Contreras, A., Rojas-Runjaic, F.,
Garcia, C.Z. (2012): High turnover rates in remnant populations
of the harlequin frog Atelopus cruciger (Bufonidae): Low risk of
extinction? Biotropica 44: 420-426.

La Marca, E., Lips, K.R., Lotters, S., Puschendorf, R., Ibanez, R.,
Rueda-Almonacid, ].V., Schulte, R., Marty, C., Castro, F.,
Manzanilla-Puppo, J., Garcia-Pérez, J.E., Bolafios, F., Chaves, G.,
Pounds, J.A.,, Toral, E., Young, B.E. (2005): Catastrophic
Population Declines and Extinctions in Neotropical Harlequin
Frogs (Bufonidae: Atelopus). Biotropica 37: 190-201.

Lips, KR. (1999): Mass mortality and population declines of
anurans at an upland site in Western Panama. Conservation
Biology 13: 117-125.

Lotters, S. (1996): The Neotropical Toad Genus Atelopus. Checklist
- Biology - Distribution. Vences, M. and Glaw, F. Verlags GbR,
Koln, Germany.

Lotters, S., La Marca, F.E., Stuart, S., Gagliardo, R., Veith, M. (2004):
A new dimension of current biodiversity loss. Herpetotropicos
1:29-31.

Lotters, S. (2007): The fate of the harlequin toads - help through a
synchronous multidisciplinary approach and the IUCN
“Amphibian Conservation Action Plan'? Mitteilungen Museum
fiir Naturkunde Berlin, Zoologische Reihe 83: 69-73.

Pounds, J.A., Bustamante, M.R., Coloma, L.A., Consuegra, J.A.,
Fogden, M.P.L., Foster, PN.,, La Marca, E, Masters, KL,
Merino-Viteri, A., Puschendorf, R., Ron, S.R., Sanchez-Azofeifa,
G.A,, still, CJ.,, Young, B.E. (2006): Widespread amphibian
extinctions from epidemic disease driven by global warming.
Nature 439:161-167.

Rabinowitz, D., Cairns, S., Dillon, T. (1986): Seven forms of rarity
and their frequency in the flora of the British Isles. pp. 182-204.

D.A. Gémez-Hoyos et al.

In: Soule, M.E. (ed.), Conservation Biology: The Science of
Scarcity and Diversity. Sinauer.

Rueda Solano, L.A. (2008): Colorful Harlequin Frog re-discovered
in Colombia. Froglog 86: 1-2.

Rueda Solano, L.A. (2012): Atelopus carrikeri Ruthven, 1916 (Anura:
Bufonidae) una especie policromética. Herpetotropicos 8: 61-66.

Schwarz C.J. (2013): Estimating power/simple size using Program
Monitor. <http:/ /people.stat.sfu.ca/~cschwarz/Stat-650/
Notes/PDFbigbook-R/R-part020.pdf>, 2014.11.20.

Sodhi, N.S., Bickford, D., Diesmos, A.C., Lee, T. M., Koh, L.P.,
Brook, B.W., Sekercioglu, C.H. Bradshaw, J.A. (2008):
Measuring the Meltdown: Drivers of Global Amphibian
Extinction and Decline. PLoS ONE 3: e1636.

Stuart, S.N., Chanson, J.S.,, Cox, N.A., Young, B.E.,, Rodrigues,
AS.L., Fischman, D.L., Waller, RW. (2004): Status and trends of
amphibian declines and extinctions worldwide. Science 306:
1783-1786.

Stuart, S.,, Hoffmann, M., Chanson, J.,, Cox, N., Berridge, R,
Ramani, P., Young, B. (2008): Threatened Amphibians of the
World. USA: Lynx Edicions, IUCN, and Conservation
International. Spain: Barcelona.

Thomas, L., Buckland, S.T., Rexstad, E.A., Laake, J.L., Strindberg, S.,
Hedley, S.L., Bishop, J.R.B, Marques, T.A., Burnham, K.P.
(2010): Distance software: design and analysis of distance
sampling surveys for estimating population size. Journal of
Applied Ecology 47: 5-14.

Vasquez-V, V.H., Serrano-G., M.A. (2009): Las Areas Naturales
Protegidas de Colombia. Bogotd: Conservacién Internacional -
Colombia y Fundacién Biocolombia. Editorial Panamericana
Formas e Impresos.

Young, BE, Lips, KR, Reaser, ].K., Ibanez, R, Salas, AW.,
Cedenio, J.R., Coloma, L.A., Ron, S, La Marca, E., Meyer, J.R,,
Mufioz, A., Bolafos, F., Chaves, G., Romo, D. (2001): Population
declines and priorities for amphibian conservation in Latin
America. Conservation Biology 15: 1213-1223.

Zapata, F.A., Rodriguez-Ramirez, A., Caro-Zambrano, C., Garzén-
Ferreira, J. (2010): Mid-term coral-algal dynamics and
Conservation status of a Gorgona Island (Tropical Eastern
Pacific) coral reef. Revista de Biologia Tropical 58: 81-94.






