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Abstract
Causes of embryonic mortality in Espadarana prosoblepon (Anura: Centrolenidae) 
from Costa Rica. Members of the family Centrolenidae—commonly known as “glass 
frogs”—exhibit arboreal egg-laying behavior, depositing their clutches on riparian 
vegetation. Few studies have investigated specific causes of mortality during embryonic 
stages, perhaps the most vulnerable stage during the anuran life cycle. The Emerald Glass 
Frog, Espadarana prosoblepon, was used as a case study to investigate the causes of 
embryonic mortality in a species with short-term (i.e., less than 1 day) parental care. The 
specific sources of mortality of eggs of E. prosoblepon were quantified and overall rates of 
survival (hatching success) were estimated. Nineteen egg clutches were transferred from 
permanent outside enclosures to the wild. Clutch development was monitored daily until 
hatching; five mortality causes were quantified: desiccation, failure to develop, fungal 
infection, predation, and “rain-stripped.” The main causes of mortality were predation 
(often by katydids and wasps) and embryos stripped from the leaf during heavy rains. The 
results were compared to those of previous studies of centrolenids exhibiting parental care, 
and discussed in the context of the importance of the natural history data for these frogs 
with regard to understanding the evolutionary history of parental care in glass frogs.
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Resumo
Causas de mortalidade embrionária em Espadarana prosoblepon (Anura: Centrolenidae) da 
Costa Rica. Membros da família Centrolenidae—comumente conhecidos como “pererecas-de-
vidro”—exibem o comportamento arborícola de postura de ovos, depositando suas desovas na 
vegetação ripária. Poucos estudos investigaram causas específicas de mortalidade durante estágios 
embrionários, talvez o estágio mais vulnerável durante o ciclo de vida dos anuros. A perereca-de-
vidro-esmeralda, Espadarana prosoblepon, foi usada em um estudo de caso para investigar as causas 
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da mortalidade embrionária em uma espécie com curto período de cuidado parental (menos de 1 dia). 
As causas específicas de mortalidade de ovos de E. prosoblepon foram quantificadas e as taxas gerais 
de sobrevivência (sucesso de incubação) foram estimadas. Dezenove desovas foram transferidas de 
recintos externos permanentes para a natureza. O desenvolvimento da desova foi monitorado 
diariamente até a eclosão; foram quantificadas cinco causas de mortalidade: dessecamento, falha no 
desenvolvimento, infecção fúngica, predação e retirada pela chuva. As principais causas de 
mortalidade foram a predação (geralmente por gafanhotos e vespas) e embriões arrancados da folha 
durante fortes chuvas. Os resultados foram comparados com os de estudos anteriores de centrolenídeos 
que exibem cuidados parentais e discutidos no contexto da importância dos dados da história natural 
para essas pererecas no que diz respeito à compreensão da história evolutiva do cuidado parental em 
pererecas-de-vidro.

Palavras-chave: desova, perereca-de-vidro-esmeralda, predação, sucesso de eclosão.

Introduction

Some amphibian species have evolved non-
aquatic oviposition (terrestrial, arboreal; 
reviewed in Wells 2007). It is thought that laying 
eggs in terrestrial environments evolved as a 
result of the selective pressure of aquatic 
predators (Magnusson and Hero 1991). Clutches 
laid in terrestrial or arboreal environments 
benefit from increased oxygen exchange and the 
“release” from aquatic predators (Duellman and 
Trueb 1986); however, other risks, such as 
desiccation, predation, and fungal infection, arise 
during this vulnerable life stage (Vonesh 2000, 
Warkentin 2000, Warkentin et al. 2001, Touchon 
and Warkentin 2009).

Members of the glass frog family 
(Anura: Centrolenidae) deposit clutches out of 
the water, on surfaces of leaves or other 
vegetation, overhanging streams. Centrolenids 
are particularly interesting, because in some 
species, parental care involves egg attendance 
(McDiarmid 1978, Guayasamin et al. 2009). 
However, the breeding and parental care 
behavior of only a handful of the 157 species (12 
genera; Frost 2019) has been studied in detail. 
Much remains to be learned about other aspects 
of centrolenid reproductive ecology and the 
natural history of most species of glass frogs 
(Cisneros-Heredia and McDiarmid 2007, Delia 
et al. 2010). Thus, comparative studies to explore 

the evolution of these behaviors are challenging 
(but see Delia et al. 2017) and additional studies 
are needed to provide a broader understanding of 
extrinsic factors that may have favored behavioral 
strategies to maximize embryonic and larval 
survival.

Embryonic stages are vulnerable and those 
that develop out of the water, face specific risks 
(Warkentin 2011). Several studies of the 
reproductive ecology and parental care behavior 
in glass frogs have assessed specific causes of 
embryonic mortality (Vockenhuber et al. 2009, 
Delia et al. 2013, 2019, Lehtinen et al. 2014, 
Bravo-Valencia and Delia 2016, Hughey et al. 
2017, Salgado and Guayasamin 2018). But few 
have focused on the causes of embryonic 
mortality in species with short-term (i.e., less 
than 1 day) parental care, and embryonic 
mortality sources have been identified in only 
two taxa—Teratohyla pulverata (Peters, 1873) 
and Cochranella granulosa (Taylor, 1949)—
(Hawley 2006, Delia et al. 2017). We investigated 
the causes of embryonic mortality in the Emerald 
Glass Frog, Espadarana prosoblepon (Boettger, 
1892), a species in which the female remains 
with the clutch fewer than 3 hr after oviposition 
(Jacobson 1985).

Espadarana prosoblepon occurs in Central 
and South America from Honduras to Ecuador 
(Savage 2002). Males have humeral “spines” on 
their forearms, and use these spines in territorial 
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combats (Figure 1). Females lack humeral spines 
and are slightly larger than males (Hedman and 
Hughey 2014). Males call from the upper 
surfaces of leaves and other vegetation near 
small streams to attract females. After amplexus, 
females lay their eggs on the upper surfaces of 
leaves, moss-covered rocks, tree trunks, or 
branches (Jacobson 1985).

Despite its wide geographic range, relatively 
little is known about the reproductive biology of 
Espadarana prosoblepon—especially its parental 
care behavior and other aspects of its embryonic 
development. Jacobson (1985) studied a 
population from Monteverde (northwestern 
Costa Rica) and described key aspects of its 
mating behavior and reproductive biology, 
including clutch size, male reproductive success, 
and amplexus behavior. Jacobson reported that 
about half of the observed clutches hatched 
successfully, with “success” defined as more 
than 70% of the embryos hatching; however, the 
sources of embryonic mortality were not 
described in detail. Research exploring other 
aspects of the natural history of this species has 
increased recently and include experimental 
studies on the use of humeral spines and male-
male aggressive behavior (Hedman and Hughey 
2014, Krohn and Voyles 2014), estimates of 
survival and abundance (McCaffery and Lips 
2013), and population declines after the arrival 
of the amphibian killing fungus Batrachochytrium 
dendrobatidis Longcore, Pessier, and D.K. 
Nichols, 1999 (Angeli et al. 2015). Basto-
Riascos et al. (2017a) reported several aspects of 
the reproductive biology of E. prosoblepon in a 
population from the Andes of Colombia, 
including oviposition-site use and mating 
patterns. Additionally, a few natural history 
observations on fungal infections (Guayara-
Barragán et al. 2010) and predation of embryos 
by spiders (Basto-Riascos et al. 2017b) have 
been published. However, there are no studies 
investigating embryonic survival or specific 
causes of embryonic mortality other than these 
opportunistic accounts.

Materials and Methods

Study Area and Fieldwork

This study took place between 11 June and 
12 July 2018, at Las Cruces Biological Station, 
San Vito, Puntarenas Province, Costa Rica 
(8.7858° N, 82.9589° W). Every night, we 
searched for pairs of Espadarana prosoblepon in 
amplexus, starting at 20:00 h (Figure 2A). The 
study area was about 500 m2, surrounding a 
60-m segment of a small stream (“Culvert 
Creek”) at the field station. When an amplectant 
pair was found, we transferred them (handling 
the pair carefully, to avoid dislodging the male) 
to a permanent enclosure that was located 
adjacent to the stream, thereby ensuring natural 

Causes of embryonic mortality in Espadarana prosoblepon
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Figure 1. Sexual dimorphism in Espadarana prosoblepon. 
(A) Males have noticeable humeral spines on 
their forearms (white arrow). (B) Females lack 
humeral spines. Photo: JGV.
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temperature and humidity conditions. The 
enclosure had four partitions adjacent to each 
other, consisting of 38 × 50 × 75-cm chambers, 
surrounded by green wire mesh (Figure 2B). 
Each partition was provided with leaf litter for 
refuge during the day, a water bowl, and a pinna 
(single leaflet) of a fern, Angiopteris evecta (G. 
Forst.) Hoffm., hung from the corner; the fern is 
an oviposition substrate observed in the field 
(JGV, pers. obs.). We controlled for one potential 
source of variation that might affect hatching 
success by providing identical oviposition sites. 
Pairs were left overnight and the following 
morning, we checked whether oviposition had 
occurred (Figure 2C). After successful 
oviposition, both males and females were 
measured (snout–vent length in mm), toe-
clipped, and photographed for individual 
identification, and then released where they had 
been captured.

Embryonic Mortality Causes and Hatching Success

To evaluate the sources of embryonic 
mortality, we transferred clutches obtained in 
captivity to sites where natural clutches had been 
observed during the weeks prior to the start of 
this study (JGV, pers. obs.). Pairs of Espadarana 
prosoblepon deposited clutches on the surface of 
individual pinnules of Angiopteris evecta 
provided inside the enclosures. Each clutch was 
transferred along with the pinnule and secured to 
a natural substrate (overhanging vegetation) with 
a cable tie (Figure 3D). We marked the location 
of the clutch with flagging tape, counted the 
number of eggs, and recorded the height at which 
each clutch was placed above water; all clutches 
were separated by at least 1 m (Figure 2E).

We monitored all clutches three times per 
day, and for each observation, we counted the 
total number of eggs (to determine the mean 
percentage of clutch mortality), noted 
developmental stage, and identified sources of 
embryonic mortality. Based on previously 
published descriptions (McDiarmid 1978, 
Warkentin 2000, Hawley 2006), five categories 

of mortality were recognized: (1) unfertilized 
eggs or embryos that failed to develop, with eggs 
turning white and disintegrating, or embryos that 
cease development before or at Gosner Stage 18 
(Gosner 1960); (2) fungal infection, with eggs 
turning cloudy and hyphae apparent on the 
surface; (3) desiccation, with eggs failing to 
develop and having almost no jelly around them; 
(4) drowning or “rain-stripped,” with the entire 
clutch disappearing after periods of heavy 
precipitation; and (5) predation, with eggs or 
late-stage embryos disappearing, especially 
around the edges of the clutch with some 
embryos remaining in the center, or by “empty” 
gelatinous masses before hatching occurred. 
Clutches were monitored until all surviving 
embryos hatched into a plastic cup placed 
beneath each clutch (Hayes 1983). We 
determined embryonic hatching success as the 
number of hatched tadpoles relative to the initial 
number of eggs per clutch. Also, we calculated 
the mean percentage of clutch mortality for each 
of the identified sources of mortality.

Results

We monitored 19 clutches in this study. The 
average clutch size was 25 ± 6 SD eggs (range = 
15–41). Clutches were relocated at an average 
height of 0.98 ± 0.24 m (range = 0.55–1.45). The 
average embryonic hatching success per clutch 
was 14.5% (± 26.3 SD, range = 0–84.2%), with 
only two clutches having hatching success 
greater than 70%. We identified five causes of 
embryo mortality: desiccation (1 of 19 clutches); 
failure to develop or failure to fertilize the eggs 
(14 of 19 clutches); fungal infection (2 of 19 
clutches); predation (9 of 19 clutches); and loss 
of egg clutches in heavy rain (10 of 19 clutches). 
The mean percentages of clutch mortality 
attributed to different mortality causes are shown 
in Figure 3. Predation caused the most clutch 
mortality (40.1%, Figure 4), followed by rain-
stripped embryos (31.2%), and failure to develop 
(12.4%). We observed wasps (Polibya sp.), and 
a katydid (Copiphora cultricornis Pictet, 1888) 
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Figure 2. Transfer of egg clutches of Espadarana prosoblepon. (A) A pair of E. prosoblepon in amplexus. (B) Pairs were 
captured and placed in an enclosure and left overnight. (C, D) After successful oviposition, the leaflets with 
the clutch were cut and transferred to a natural substrate. (E) Clutch location was marked with flagging tape 
and included clutch number, clutch size, and day of oviposition.

A B

D

E

C

Causes of embryonic mortality in Espadarana prosoblepon
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preying upon embryos on two and one occasions, 
respectively. In most of the clutches, up to 53.8% 
of embryos failed to develop. In contrast, 
predation and heavy rain caused the loss of more 
than 75% of the embryos in at least eight (42% 
of clutches) and five (26% of clutches) of the 
clutches, respectively.

Discussion

Clutch Size and Hatching Success in 
Espadarana prosoblepon

The clutch sizes in Espadarana prosoblepon 
are similar to those previously reported for the 
Monteverde population (Jacobson 1985). 
However, a study conducted in the Colombian 
Andes reported an average clutch size of 35.4 ± 
4.8 eggs (range = 30–50, N = 29; Basto-Riascos 
et al. 2017a), which is substantially greater than 
those we observed.

Embryonic hatching success was low (14%) 
relative to previously reported hatching success 
rates in other centrolenid species. In Teratohyla 
pulverata, a species with short-term parental 
care, embryonic survivorship is high (85%) with 
low levels of predation and with most clutches 
suffering from developmental abnormalities 
(Hawley 2006). In a Mexican population of 
Hyalinobatrachium fleischmanni (Boettger, 
1893), a species in which males brood the eggs, 
the average embryonic survival is 90%, with 
scarcely any predation occurring (Delia et al. 
2013). The wet season at our study site in 
Puntarenas, Costa Rica, extends from May–
November, with a short drought called “El 
veranillo de San Juan” lasting about 10 days in 
mid-June. Most of the monitored clutches of E. 
prosoblepon from Monteverde were laid after 
mid-August, with estimates of embryonic 
survival of 47% (Jacobson 1985). As the wet 
season progresses, it is possible that embryonic 
survival in E. prosoblepon increases. Also, we 
should point out that given changes in 
temperature and precipitation patterns with 
climate change (Blaustein et al. 2010), 

Figure 3. Mean percentage ± SE of egg/embryo mortality 
in clutches of E. prosoblepon resulting from 
desiccation, failure to develop, fungal infection, 
predation, and rain-stripping.

centrolenid populations may experience long-
term declines as a result of desiccation of egg 
clutches during dry periods or rain-stripping of 
the clutches during periods of unusually heavy 
rain (e.g., El Niño years) (Pounds et al. 1999).

Causes of Embryonic Mortality in Espadarana 
prosoblepon

The main causes of embryonic mortality in 
Espadarana prosoblepon were predation and 
rain stripping of clutches. Removal experiments 
comparing survival and hatching success 
between attended and unattended clutches in 
centrolenids have shown that egg attendance 
reduces dessication and sometimes provided 
protection against predators. (Vockenhuber et 
al. 2009, Delia et al. 2013, 2017, Lehtinen et 
al. 2014, Bravo-Valencia and Delia 2016, 
Hughey et al. 2017, Salgado and Guayasamin 
2018). In only one case, Hyalinobatrachium 
valerioi (Dunn, 1931), was predation the main 
cause of mortality in both attended and 
unattended clutches (Vockenhuber et al. 2009). 
These observations suggest that the risk of 
desiccation may be a stronger driver of the 
evolution of egg-brooding behavior than the 
risk of predation.

Goyes Vallejos and Ramirez-Soto
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Figure 4. A katydid Copiphora cultricornis (A) and a wasp Polybia sp. (B) consuming embryos of Espadarana 
prosoblepon. Photos: JGV

A B

Future studies should investigate whether 
predation rates change throughout the breeding 
season in E. prosoblepon. For example, in 
Hyalinobatrachium orientale (Rivero, 1968), 
predation is more prevalent in unattended 
clutches during the wet season than during the 
dry season (Lehtinen et al. 2014). Rain-stripping 
does not seem to be a primary source of 
embryonic mortality in other centrolenid species 
as it is in E. prosoblepon, in which “clutch 
drowning” affected more than half of the 
clutches. In most species for which rain-stripping 
has been reported as a source of embryonic 
mortality, less than 10% of the embryos were 
lost to heavy rains (Delia et al. 2013, 2017, 

Bravo-Valencia and Delia 2016, Hughey et al. 
2017).

Environmental conditions (i.e., humidity, 
temperature, and rainfall) in our mesh enclosure 
were the same as in the surrounding area. Height 
and substrate of oviposition sites are known to 
influence embryonic survival in E. prosoblepon 
(Jacobson 1985). By controlling for both of these 
factors, we attempted to reduce variation in 
mortality causes resulting from properties of the 
oviposition site itself, such as antimicrobial 
properties of the leaf, as suggested by Basto-
Riascos et al. (2017a) or the amount of water 
held by the substrate (e.g., moss vs. leaf surface). 
To the best of our knowledge, no studies have 
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investigated the adaptive benefits of oviposition-
site choice in centrolenids. Additional studies are 
necessary to determine whether oviposition-site 
preferences counteract the effect of predation, 
and whether behavioral strategies (e.g., laying 
eggs in hidden places sheltered from heavy rains 
and predators) decrease mortality risks. Future 
studies should combine experimental approaches 
with natural history observations, to test whether 
the choice of oviposition sites has an impact on 
embryonic survival. 

We have reported a high percentage of 
developmental abnormalities or unfertilized eggs 
in contrast to the results of other studies in which 
these sources of mortality accounted for less 
than 5% of embryo deaths (Delia et al. 2013, 
2017, Lehtinen et al. 2014, Bravo-Valencia and 
Delia 2016, Hughey et al. 2017). Possibly, the 
process of moving pairs into captivity during 
amplexus and oviposition disturbed the frogs 
such that the males did not fertilize all the eggs 
in the clutch. As an alternative, it is possible that 
this is a characteristic of this species, as reports 
of E. prosoblepon brooding behavior in the wild 
indicate that in more than half of the observed 
oviposition events, females only remained in 
partial contact with their clutches and do not 
exhibit the “egg rotation” movements observed 
in other species with parental care, a behavior 
that may aid in egg fertilization (Jacobson 1985). 
Further studies are needed to confirm or reject 
this observation. However, it is important to note 
that, the actual percentage of developmental 
abnormalities in the wild may be difficult to 
determine given that other sources of mortality 
(i.e., fungal infections, predation) take place 
before failure to develop is detected (Bravo-
Valencia and Delia 2016); therefore, natural 
observations may underestimate the ocurrence of 
this source of mortality in species with short-
term care such as E. prosoblepon.

Our results contribute information about the 
natural history of Espadarana prosoblepon in a 
population from southwestern Costa Rica, 
contributing to the existing literature about the 
reproductive biology of this species (Jacobson 

1985, Basto-Riascos et al. 2017a). We provide 
information about specific sources of embryo 
mortality, types of predators, and differences in 
clutch size, contributing useful data for future 
comparative studies of the reproductive and 
behavioral ecology of this species. Establishing 
the primary differences in the causes of mortality 
among species with prolonged parental care, 
short-term parental care, and without parental 
care, will facilitate future comprehensive studies 
within Centrolenidae and may elucidate the 
ecological factors involved in the evolution of 
male and female parental care behavior in glass 
frogs.
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