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Vicente’s poison frog (Oophaga vicentei) in the wild:
calling activity, bioacoustics and diet
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ABSTRACT - Calling activity, bioacoustics and the diet of males is reported for three different populations of Oophaga vicentei
in central Panama. Calling activity was predicted by time of day, season and temperature with peaks between 08:00 h to 10:00 h
and was more frequent during the dry season. Only at one location was calling activity positively correlated with air temperature.
The temperature was also positively correlated with call repetition rates and negatively with call duration. Within the ten first calls
of a call-bout, there was a cline variation in dominant frequency, call duration and silent intervals. The stomach contents of males

comprised mainly insects but also a large number of oribatid mites.

INTRODUCTION

icente’s poison frog Oophaga vicentei (Jungfer, Weygoldt

& Juraske, 1996) is an arboreal dendrobatid frog endemic
to Panama. Since its description, few data on the natural
history or ecology of this species have been published.
Oophaga vicentei is included in appendix Il of CITES and is
considered as data deficient by the International Union for
Conservation of Nature (IJUCN SSC Amphibian Specialist
Group, 2019).

Acquiring baseline ecological data is important not only
to contribute to our understanding of the natural history of
a species but also, critically, for establishing and monitoring
its conservation status and ranking (Rodrigues et al., 2006).
Here we present data from observations in the wild on the
calling activity, differences in bioacoustics, and diet in three
O. vicentei populations along the Pacific and Caribbean
slopes in the Santa Fe National Park of central Panama.

MATERIALS AND METHODS

Study site

Field work was conducted within, and in the buffer zone of,
the Santa Fe National Park (SFNP) located in the north of
Veraguas province in central Panama. Coordinates of the
exact study sites are not provided to avoid the threat of illegal
collection. The study sites were located on the continental
divide (Loma Grande, 750 m a.s.l.), and on the Pacific (Isleta,
460 m a.s.l.) and Caribbean (Alto Ortiga, 380 m a.s.l.) slopes
of the park. In addition, we provide preliminary data from
previous surveys of two other populations from Santa Fe and
one from the Caribbean slope in the district of Donoso (Fig.
1). Field data from the first three populations were collected
during the end of rainy season 2015 (November), dry season

2016 (January to April) and rainy season 2016 (May to
September), so season was coded as either ‘dry’ or ‘rainy’
in the analysis. In addition, oscillograms and spectrograms
of O. vicentei and for most Panamanian species within the
genus are shown for further comparison (Supplementary
materials, Fig. 1).

Figure 1. Distribution map of populations of the three focal
O. vicentei study sites: Loma Grande (on the Continental
Divide), La Isleta (on the Pacific slope), Alto Ortiga (on the
Caribbean slope), and the two additional sites included in the
bioacoustics analysis: Cerro Narices (Pacific slope) and Cuatro
Cuestas (Caribbean slope)

Biometric measurements

We located focal males by searching for their calls, and then
climbing trees with the aid of a wooden ladder. We used
nitrile gloves (Safe-touch: Dynarex New York, USA) for safe
capture and handling. Snout-to-vent length was calculated
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from photographed individuals (with Canon PowerShot D30:
12.1 megapixels: Canon Inc., Tokyo, Japan) using Image J
(Rasband, 1997). Body mass was measured to the nearest
0.1 g using a portable balance (AWS-100: American Weigh
Scales Inc., Georgia, USA).

Calling activity and environmental data

As with other dendrobatids, O. vicentei is active during the
day, therefore the call-bouts of males were noted during
daylight hours as a proxy for calling activity. Daytime was
divided in two main periods; morning (07:00 h -10:00 h) and
afternoon (14:00 h — 17:00 h) and the number of call-bouts
heard was quantified in each three-hour period. Based on
our field experience, upon arrival at the site, we waited 30 s
before initiating acoustic recordings which did not cause any
appreciable disturbance (Dorcas et al., 2010). We recorded
the temperature and relative humidity every 8 minutes, using
a portable thermo-hygrometer (model Atmos Skywatch: JDC
Electronics, Switzerland). Site position and elevation were
recorded with a GPS (Garmin eTrex 20x: Garmin International
Inc., Olathe, KS, USA). Like other dendrobatids, O. vicentei is
territorial (Lotters et al., 2007). We identified the territory
of a single vocalising male at Loma Grande, and recorded
its individual calling behaviour over the course of 24 h. We
placed a long-term recorder (Wildlife acoustics Song Meter
SM4) in front of the focal male (0.5 to 1.5 m away from it
and 2 m above ground), and set it to record from 12:38 h to
12:15 h the next day (9 — 10 July 2017). Audio files were
saved every 15 minutes and opened in Raven 1.5.0, as
page sound (3 min duration, page increment 90 %); every
call from the first day was analysed using the Band Limited
Energy Detector tool, with the following preset: Minimum
Frequency 4700 Hz, Maximum Frequency 6600 Hz, Minimum
Duration: 0.19156 s, Maximum duration 0.3541 s, Minimum
separation: 0.09288 s, Noise: SNR Threshold (dB) 28.0 above.
The remaining parameters were set as default. It was not
possible to analyse a single call from the next day, as the
male moved farther from the microphone, and when trying
to analyse calls under the interactive detectors, proper
identifications were not possible due to an increase in
background noise. As such, entire calls were only analysed
for the morning recordings.

Bioacoustics

Male advertisement calls were recorded from the ground
using a Marantz PMD660 handheld digital recorder (Marantz
Professional, Cumberland, USA), using a Sennheiser ME66
microphone with a K6 powering module and a MZW66
foam windshield (Sennheiser Electronic GmbH, Germany)
directing the microphone upwards. Recordings were made
at a sampling rate of 44 kHz and 16 bits resolution in
uncompressed PCM format and saved as wav-files. Ten calls
from the middle of a call-bout were analysed per individual.
For each call we analysed call duration, call interval, calls per
bout, and maximum, minimum and dominant frequencies.
The spectral and temporal parameters were analysed, and
the power spectra were calculated in Raven Pro 1.5 (Window:
Blackman, DFT: 2048 samples, 3 dB filter bandwidth: 158 Hz;
Grid spacing 21.5 Hz; overlap 70.1 %; Charif et al., 2004).
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Lowest and highest frequencies were measured 10 dB
below peak frequency, avoiding overlap with background
noise (Simdes & Lima, 2011). Terminology used in the
advertisement call description follows Zimmermann (1990)
and Erdtmann & Amézquita (2009). The call repetition rate
was calculated as number of calls per call-bout duration. In
case of heavy rainfall and/or wind, no recordings were made.
Data from only the individual male at Loma Grande was used
here to describe the entire calling behaviour of the species
during the day.

Diet

The stomach content of captured adult males was extracted
using the flushing method which has been previously
employed in amphibians with no evidence of harm to the
animals (Born et al., 2010). A small-modified pipette tip was
gently introduced inside the mouth to reach the pharyngeal
area. To induce regurgitation an influx of tap water was
introduced using a syringe. The content was emptied on
a Petri dish, then collected using a plastic pipette, and
deposited in 2 ml Eppendorf tubes with 10 % formalin.

Insects were identified under a stereomicroscope
(NIKON, model SMZ445: Nikon Instruments Inc.) to order
and when possible to genus using the keys of Palacio &
Fernandez (2003) and Krantz & Walter (2009). The vast
majority of samples were heavily digested, making a precise
identification difficult.

To determine the niche breadth we calculated the Levins
index (Levins, 1968) which accounts for the uniformity
in resources consumed (in our case, insect orders) for
each individual in each population. We also followed the
calculation of the standardised Levins index as indicated in
Krebs (1999).

Data analysis

Data were transformed in order to meet parametric
assumptions; otherwise non-parametric tests were used. The
main effects of independent variables on calling activity was
assessed using ANOVA and their interaction assessed using
ANCOVA. Post-hoc testing was used to evaluate differences
in air temperature among sites (Benjamini-Hochberg tests)
and differences in call properties between populations of
0. vicentei (Bonferroni tests). The relationships between
climatic variables and the call properties were evaluated by
linear regression analyses. A value of P < 0.05 was considered
significant. All values reported are mean (+SEM) unless
otherwise indicated. The analyses were undertaken in R
v.3.4.3 (R Development Core Team, 2017).

RESULTS

Biometric differences

For biometric measurements, 21 adult males were captured
at Loma Grande (SVL=17.33 * 0.01 mm, mass = 0.35 + 0.01
g), 11 at Isleta (SVL = 18.23 + 0.28 mm, mass = 0.43 + 0.02
g) and 9 at Alto Ortiga (SVL = 17.82 + 0.24 mm, mass = 0.48
+ 0.02 g). There were no differences in body size among the
three frog populations controlling for body mass (ANOVA,;
Site: F,, = 2.04, P = 0.14, Mass: F .. = 5.37, P = 0.03, Site



X Mass: F, ., = 1.20, P = 0.31). However, body mass was
different among sites (ANOVA; Mass: F . =16.84,P< 0.001)
the values of Loma Grande being smaller than those of Isleta
(post-hoc Bonferroni test, P = 0.004) and Alto Ortiga (post-
hoc Bonferroni test, P < 0.001) with no difference between

Isleta and Alto Ortiga (post-hoc Bonferroni test, P = 0.13).

Calling activity

Fromallstudysitescombined weregistered atotal of 3042 call-
bouts, averaging 31.09 £ 0.70 call-bouts per hour from 07:00
h to 10:00 h and 10.86 * 0.30 call-bouts per hour from 14:00
h to 17:00 h. Overall the number of call-bouts was affected
by time of the day, with more call-bouts in the morning than
the afternoon (ANOVA, Time: Fs'g3 =3.92, P = 0.003, Fig. 2).
There was a calling peak between 08:00 h and 10:00 h, after
which calling decreased with time across the day. In Isleta
and Alto Ortiga in particular, peak calling activity occurred
between 08:00 h and 09:00 h, while in Loma Grande peak
was between 09:00 h and 10:00 h; in all three populations
calling decreased in the afternoon (Supplementary material,
Fig. 2). A single focal male from Loma Grande called 248
times from 06:17 h to 18:05 h, averaging 22.55 call-bouts per
hour, with peaks in the morning between 07:00 h and 08:00
h (n =22), around noon 12:00 h (n = 30) and around 17:00 h
(n =38). No calls for this focal male were recorded at 14:00 h
(Supplementary materials, Fig. 3).
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Figure 2. Calling activity differences between morning (black) and
afternoon (grey) periods. To meet parametric assumptions number
of call-bouts was transformed as Log, (Calls h™ + 4). Values are
means + SEM. Means without a letter in common are significantly
different (P < 0.05).

Calling activity was affected also by season (ANOVA, Season:
Floy=475P= 0.032), with higher calling activity during the
dry season compared to the rainy season. However, there
was no interaction between time of the day and season
(ANCOVA, Time x Season: Fo, =038, P= 0.86).

In our dataset, air temperature and air relative humidity
were inversely correlated (Spearman, S = 272520, rho =
-0.73, P < 0.01). Hence, to avoid autocorrelation, we chose
one variable for inclusion in subsequent analyses. Air
temperature differed among the three study sites (ANOVA,
Site: F, .o = 19.63, P < 0.001, Supplementary materials, Table
1). Air temperature was significantly higher in Alto Ortiga
than at Isleta (post-hoc Benjamini-Hochberg test, P < 0.001)

and was significantly higher in Alto Ortiga than at Loma
Grande (post-hoc Benjamini-Hochberg test, P < 0.001). Air
temperature was not different between Isleta and Loma
Grande (post-hoc Benjamini-Hochberg test, P = 0.11). The
interaction between air temperature and site affected calling
activity (ANCOVA, Temp x Site: F, ;, = 5.41, P < 0.01, Fig. 3).
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Figure 3. Interaction plot between site and air temperature on
the number of call-bouts of O. vicentei. Filled circles and dash line
represent Loma Grande; open circles and long dash line represent
Isleta; the black triangles and solid line represent Alto Ortiga. To
meet parametric assumptions number of call-bouts was transformed
to Log,  (Calls h-1 +4).

Bioacoustics
A total of 7,322 calls from 41 male O. vicentei were analysed
with a series of 29 to 290 pulsed calls in each call-bout (75.60
1 51.31 pulsed calls; Supplementary materials, Table 2).
Bouts had a duration of 24.25 s (range 4.57-51.61 s, SEM
7.92, n = 230) with intervals between bouts averaging 108 s
(range 5.04-717.34 s, SD 128.41; n = 219). The calls within
a bout were repeated at a rate of 1.03 to 3.40 calls/second
(2.35 £ 0.48 calls/second; Supplementary materials, Table 2).
Call duration is variable (Coefficient of variation (CV): 28.52),
ranging from 0.089-0.31 s. The dominant frequency is less
variable (CV: 4.65), at 5736.9 Hz + 266.76 (Supplementary
materials, Table 2). From the recorded calls of the single male
at Loma Grande, we found that call-bouts are characterised
by a large initial interval between individual calls; these
intercall intervals become progressively shorter across the
first approximately 10 calls (Supplementary materials, Fig. 4).
After this the intercall interval becomes more homogenous,
with the intercall intervals becoming roughly constant.
There is also a progressive increase in call frequency, with
the three first calls at lower frequency than the rest (pair-
wise KW, P< 0.05, n = 6329, Supplementary materials, Fig.
5). It was not possible to measure the number of pulses
per call, as we recorded in natural field conditions with
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most recordings overlapped with background noise. Most
recorded frogs called from high in the canopy (from 5 m to
15 m approximately); the distance between the microphone
and the focal frog was too great to obtain a better signal to
noise ratio.

Air temperature was positively correlated with call-bout
repetition rates (R?=17.5, P < 0.05), and negatively correlated
with call duration, but only for the Loma Grande population
(R2=0.59, P < 0.05, n=6; Supplementary materials, Fig. 6).

No correlation was found between these variables for Alto
Ortiga (R?=0.16, P> 0.05, n =9; Supplementary materials, Fig.
6) and Isleta (R? = 7.13e-4, P > 0.05, n =21; Supplementary
materials, Fig. 6). The dominant frequency was different
between the populations of Alto Ortiga and Isleta (post-hoc
Bonferroni test, P < 0.05; Fig. 4 & Fig. 5). Data from Cerro
Narices and Donoso populations were not included in this
analysis due to small sample size.

Frequency (Hz

Dominant Frequency (Hz)

':II-I AO L:.’I D I:-1 s

Populaticn
Figure 4. The dominant frequencies of the advertisement call of
O. vicentei in our five study populations. We only found significant
differences in dominant frequency between the Alto Ortiga and Isleta

populations (post-hoc Bonferroni test, p<0.05). CN: Cerro Negro, AO:
Alto Ortiga, LM: Loma Grande, Don: Donoso, Isl: Isleta

Diet

A total of 27 males were sampled for their stomach content,
of which 10 were from Loma Grande (dry season), 8 from
Isleta (dry and rainy season) and 9 from Alto Ortiga (rainy
season). Although it was difficult to identify the items in the
samples due to their advanced digested state, we found the
arthropod orders Hymenoptera (ants), Diptera (flies) and
Sarcoptiformes (oribatid mites) were common in all three
populations, with Araneae (spiders) and Isopoda (isopods)
present in smaller numbers (Fig. 6). In all three populations
the ant genera identified were Solenopsis, Crematogaster and
Tapinoma sp. near ramulorum, the last one a new inclusion
in the diet of species of the genus Oophaga (Supplementary
materials, Table 3).

There was no significant difference in niche breadth among
the three populations according to the normal Levins index
(ANOVA, site: F,,,=0.057, P = 0.94, Supplementary materials,
Table 4), nor the standardized Levins index (ANOVA, Site: F_,
=1.58, P =0.22, Supplementary materials, Table 4). ,
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Figure 5. Oscillograms (above) and spectrograms (below, only
dominant frequency is shown) of the advertisement calls for the
populations of O. vicentei in this study; A) Isleta; B) Alto Ortiga; C)

Cerro Narices; D) Donoso, Colén
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Figure 6. Relative abundance (proportion of frog stomach content)
of arthropod orders found

DISCUSSION

Due to the logistical difficulties of studying this small, cryptic
and arboreal species, we were unable to estimate with
confidence the number of frogs calling at each site. With the
obvious limitations we used number of call-bouts heard as an
indicator of calling activity. To our knowledge this is the first
time activity patterns have been described for an arboreal
dendrobatid species. Overall our results indicate that O.
vicentei males show peak calling activity between 08:00 h
and 10:00 h, with decreased calling across the afternoon
(Fig. 2). Our results are similar to findings for Oophaga
pumilio, closely related to O. vicentei, which shows peak
calling activity between 08:00 h and 10:00 h. In that species
males call from spots on the ground or just above ground in
the understorey vegetation (Bunnell, 1973) and this activity
peaks in the morning between 07:45 h and 09:15 h (Graves,



1999). Oophaga vicentei spends most of its time high in trees
(but see Pefia et al., 2016), and as such may receive increased
levels of early morning light triggering calling behaviour
earlier than in ground dwelling frogs.

Overall calling activity during the dry season was higher
than during the rainy season. Anuran calling activity is known
to fluctuate with the onset of seasons especially in temperate
environments (Saenz et al., 2006). The mountainous
conditions in Santa Fe result in a dry season (December
to April) marked by trade winds with increased hours of
sunlight, and sporadic showers and fog during early morning
at elevated sites (Macinnis-Ng et al., 2014). Although we did
not measure rainfall during our study, mean values of relative
humidity were above 80 % during dry season months,
allowing dew formation to fill bromeliad axils with water, a
suitable location for O. vicentei reproduction (Lotters et al.,
2007).

In Loma Grande, air temperature was positively correlated
with calling activity, unlike the other two sites (Fig. 3). Loma
Grande was at the highest elevation (750 m a.s.l.), situated
on the continental divide that separates the Pacific from the
Caribbean slopes of Panama, and was subject to cooler air
than the sites at lower elevations (Supplementary materials,
Table 1). However, we cannot conclude that these results
are due to population differences alone since, we have not
estimated the number of calling frogs from each population.
In amphibians, an increase in ambient temperature may elicit
higher metabolism (Rome et al., 1992), hence for the frogs at
Loma Grande a slight increase in air temperature could have
boosted calling activity.

The calls of O. vicenteiwere similaramong the populations,
with differences primarily in dominant frequency. However,
the calls of O. vicentei can be distinguished from the calls
of other Oophaga spp. from western Panama, by multiple
acoustic parameters, including dominant frequency (DF), call
duration (CD) and call rate (CR), as follows: O. vicentei (DF
= 5736.9 Hz, CD = 0.17 s, CR = 5.32 Calls/2s; this study); O.
granulifera (DF = 4010, CD =0.38,CR =4 calls/2s, in: Erdtmann
& Amézquita, 2009; Myers & Daly, 1976), O. pumilio (DF
= 4856, CD =0.043 s ,CR = 7.8 Calls/2s; in: Erdtmann &
Amézquita, 2009; Myers & Daly, 1976) and O. arborea (DF
= 4364, CD =0.107 ,CR = 6.25 Calls/2s, n = 10, this study, see
Supplementary materials, Figure 1).

Most published analyses of frog vocalisations usually
include only single calls. Oophaga spp. from western
Panama, however, calls in bouts. To our knowledge, ours is
the first description of the entire series of call-bouts of an
Oophaga spp. We found cline variation within the ten first
calls within a call-bout in O. vicentei in dominant frequency,
call duration and silent intervals. Particularly, the first call
is spaced from the second call by almost double the silent
interval between two calls in the middle of the call-bout.
While the significance of this call structure is unknown, it
is possible that the presence of this isolated call within a
call-bout could convey information to receivers, but the
importance of this in O. vicentei acoustic communication has
yet to be determined.

We found differences in dominant frequency among the
populations from Santa Fe National Park. Although we did not

measure the body size of specific calling males, there were
no significant differences between the body sizes among
specimens collected from different sites, only in terms of body
mass. Body size can be negatively correlated with dominant
frequency, with larger frogs calling at lower frequencies and
vice versa (Gerhardt & Huber, 2002; Erdtmann & Amézquita,
2009). However, for at least some Oophaga spp., this is not
the case as no correlation has been found between body
size and dominant frequency (Prohl, 2003; Vargas-Salinas &
Amézquita, 2013), even though other species can vary their
dominant frequency by increasing their vocal cord mass or
adjusting its tension (Ryan & Drewes, 1990; Vargas-Salinas
& Amézquita, 2013). With the data we have, we could not
determine whether the differences found in dominant
frequency are an artefact of body size or mass alone, as
we were unable to measure calling males. Differences in
frequency could also be due to geographic distances. We
found no frequency differences between the Loma Grande
and Isleta populations, on the Continental Divide and the
Pacific slope, respectively, but did find differences between
these and the Alto Ortiga population, on the Caribbean slope.
Average dominant frequency values for the Cerro Narices
population, which is on the Pacific slope, were however
similar to those from Alto Ortiga. Nevertheless, variation in
dominant frequency has been found among other Oophaga
spp., and could be explained by geographical distances,
isolation or the selective pressure of habitat (Myers & Daly,
1976; Prohl, 2003; Vargas-Salinas & Amézquita, 2013).
Despite this difference in dominant frequency we did not
find differences in the coefficient of variation (CV), which
was similar among all populations. Since the CV is a less
variable trait (than dominant frequency itself), evaluating
differences between individuals or populations could be
important in taxonomic differentiation. We would argue
that the differences we found in the raw values of dominant
frequency among populations are not enough to differentiate
these populations as distinct taxonomic units using this trait
alone.

Temperature can affect temporal properties in
ectotherms (Gerhardt & Huber, 2002). As in its congener,
O. pumilio, temperature influenced the temporal call
properties in O. vicentei: in both species, temperature was
positively correlated to call repetition rates and negatively
correlated to call duration (Myers & Daly, 1976; Prohl, 2003).
Although call duration was significantly negatively correlated
to temperature for the population at Loma Grande, only a
slightly negative relationship was found for the other two
populations. After removing the effect of temperature, we
did not detect significant differences among populations in
either call repetition rates or call duration.

The diet of our sampled males was dominated by
arthropods, mainly ants and oribatid mites, which have
been described in the diet of other species of dendrobatids
linked to a bioaccumulation of defensive alkaloids (Saporito
et al.,, 2009 & 2012). Ants were common in the diet of the
three study populations (Supplementary materials, Table 3)
including the genus Solenopsis which is known as a source of
pumiliotoxin alkaloids for defensive purposes in poison frogs
(Saporito et al., 2004). It was interesting to also discover ants
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of the genus Tapinoma as part of the diet of O. vicentei as
they are known to contain the repellent alkaloid actinidine
(Tomalski et al., 1987) although this has not been identified
as a defensive alkaloid in O. vicentei. Oribatid mites also
represent animportant part of the alkaloid provision in poison
frogs (Saporito et al., 2007). There is evidence of a diverse
array of alkaloids shared between mites and O. pumilio
poison frogs, some of them also found in O. vicentei, e.g.
indolizidines and pumiliotoxins (Saporito et al., 2004). Our
samples represent just a snapshot of the potential variation
in the diet in wet and dry seasons in each population.

The observation we have described on the ecology
and behaviour of O. vicentei in the wild are an essential
contribution to a better understanding of the conservation
status of this species. This study has opened the door to
future studies on this endemic, data deficient species.
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