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Abstract Parental care is important for offspring success for
many animals. Both male-only and female-only care occur
equally often among frogs, creating opportunities to examine
ecological factors that may favor sex-specific patterns of care.
Experimental tests of care function can elucidate such factors
and identify benefits of parental behavior to offspring. In
glassfrogs (Centrolenidae), only male egg attendance has been
documented and male care is thought to have evolved repeat-
edly from a state of no-care. We provide experimental evi-
dence demonstrating female care in the glassfrog lkakogi
tayrona—a species sister to all other members of the family.
We used repeated observations to quantify egg attendance
behaviors, and a removal experiment to evaluate the benefits
of maternal care and test whether care function changes with
embryonic development. Given the importance of care to fe-
male fitness, we examined maternal commitment to providing
care in risky situations, using a simple behavioral challenge.
We found that egg attendance reduces embryo dehydration
and predation. Moreover, the specific benefits of care changed
across embryo development, suggesting that different threats
to embryos select for egg attendance at different stages. The
maternal commitment assay revealed that caring females are
more risk-tolerant than non-caring females. Our finding of
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maternal care in /. tayrona reveals previously unknown diver-
sity in glassfrog parental care and contributes to emerging
evidence that care functions are similar among frogs with
female-only and male-only egg attendance. This suggests that
a lack of sex-specific constraints may have facilitated evolu-
tionary changes in sex roles.
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Introduction

Parental care is fundamental to offspring survival in many
animals. It can be defined as any form of post-fertilization
parental behavior that enhances offspring survival or growth
(Clutton-Brock 1991). Care patterns vary widely among ver-
tebrates, and considerable theoretical research has focused on
understanding the conditions that favor care and which sex
will provide it (reviewed by Klug et al. 2012). This theory
predicts that parental behavior will be favored when the ben-
efits to the sex providing care outweigh the cost (Trivers 1972;
reviewed by Klug et al. 2012). The benefits of care can be
accurately measured by using parent removal experiments to
quantify the impact of care on offspring growth and survival.
Furthermore, analysis of the specific fates of experimentally
orphaned young can provide insights into the environmental
conditions that favor and maintain parental behavior.
Parental care patterns among vertebrates include male-on-
ly, female-only, and biparental care, and the contributions of
each sex vary among taxonomic groups (Kokko and Jennions
2008). Female care predominates among mammals
(Clutton-Brock 1991). Biparental care is the most common
form among birds, although females tend to invest more than
males (Cockburn 2006). In reptiles, only uniparental female
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and biparental care has been documented (Shine 1988;
Reynolds et al. 2002). Fishes and amphibians exhibit all pat-
terns of care (Reynolds et al. 2002; Balshine 2012). Unlike
teleost fishes, in which male care predominates, both unipa-
rental male and female care appear to occur equally among
frogs (Reynolds et al. 2002; Wells 2007; Summers and
Tumulty 2014). This “intermediate” pattern offers ideal op-
portunities to examine the ecological factors that favor sex-
specific forms of parenting.

Egg attendance is the most common form of parental care
in frogs that lay terrestrial eggs, having evolved multiple times
in approximately 14 families (Wells 2007; Gomez-Mestre
et al. 2012). This form of care involves a variety of parental
behaviors performed to combat constraints on embryonic de-
velopment in terrestrial eggs. In many species, parents guard
eggs from predators via aggressive behaviors during
prolonged attendance (Simon 1983; Townsend et al. 1984;
Martins et al. 1998; Cook et al. 2001; Bickford 2004,
Vockenhuber et al. 2009). To prevent embryo dehydration,
parents hydrate eggs by brooding them with their ventral re-
gion (Townsend et al. 1984; Bickford 2004; Delia et al. 2013;
Poo and Bickford 2013). Egg brooding may also alter micro-
bial communities and reduce fungal infections of eggs (Simon
1983; Walke et al. 2011). Some species have been observed to
periodically jostle eggs, which may oxygenate embryos, dis-
tribute moisture, and/or prevent yolk stratification (Wells
2007). These different threats to embryonic survival and de-
velopment have likely influenced the evolution of diverse at-
tendance behaviors. However, empirical research on anuran
parental care is lacking in comparison to other groups of ver-
tebrates (Balshine 2012; Bee et al. 2013).

In neotropical glassfrogs (Centrolenidae), only male egg
attendance has been documented. It is thought that male care
evolved independently in the genera Centrolene and
Hyalinobatrachium (McDiarmid 1978; Guayasamin et al.
2009; Delia et al. 2013; Vargas-Salinas et al. 2014), presum-
ably from an ancestral state of no-care. However, experimen-
tal data are limited to just three species from
Hyalinobatrachium, 1 of 12 genera in this family
(Vockenhuber et al. 2009; Delia et al. 2013; Lehtinen et al.
2014). An anecdotal observation of a female near an egg
clutch in lkakogi tayrona (M. Rada, personal communication
in Guayasamin et al. 2009)—a monotypic taxon sister to all
other glassfrogs—suggests that sex-specific roles of care may
be more diverse than currently thought. Given 1. tayrona’s
phylogenetic position, determining whether care is present
and which sex provides it is a critical step toward understand-
ing the evolutionary patterns of parenting among glassfrogs.

We studied a wild population of /. tayrona to determine the
existence of parental care and which sex provides it, and to test
hypothesized care functions. Aside from its initial description,
phylogenetic relationships, and call description
(Ruiz-Carranza and Lynch 1991; Guayasamin et al. 2009;
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Vargas-Salinas et al. 2015), no additional information on the
behavior and ecology of this species exists to date. In all other
studied glassfrogs, eggs are deposited on vegetation and/or
rocks above forested streams and, at hatching, larva continue
development in the water (McDiarmid 1978; Guayasamin
et al. 2009). To detect and quantify egg attendance in
L tayrona, we made repeated observations of oviposition sites.
We then tested whether maternal attendance benefits embryo
survival by conducting a female removal experiment. We re-
moved mothers at different stages of embryonic development
to evaluate whether the importance of care to embryo survival
changes during development. Furthermore, testing whether
the functional benefits of care change during embryonic de-
velopment, allowed us to examine how different threats to
embryos influence the duration of maternal care. Lastly, we
used a simple behavioral challenge to experimentally assess
maternal commitment to attending eggs. If maternal atten-
dance is important to embryo survival, and thus female fitness,
caring females should tolerate higher threat levels compared
to non-caring females. We discuss our results in regard to
factors affecting the evolution of egg attendance in frogs.

Methods

This study was conducted during the rainy seasons of May—
June 2013 and 2014 near the village of La Tagua at 1580 m in
the Sierra Nevada de Santa Marta (SNSM), an isolated moun-
tain range on the Caribbean coast of Colombia. /. tayrona is
endemic to the cloud forests of the SNSM between 800 and
2200 m and the only glassfrog known from this isolated
mountain range (Ruiz-Carranza and Lynch 1991; Vargas-
Salinas et al. 2015). The SNSM experiences a bimodal rainy
season, with two periods of rain between April-June and
September—November. Like other glassfrogs, 1. tayrona is
nocturnal and arboreal and breeds on vegetation alongside
streams (LBV personal observation; Vargas-Salinas et al.
2015). It was not possible to record data blind because our
study involved focal animals in the field.

Field observations of maternal attendance behaviors

To first determine whether 1. fayrona exhibits parental care
and which sex provides it, we conducted repeated observa-
tions of egg clutches to quantify egg attendance behaviors.
The locations of calling males along stream transects were
marked with flagging tape and checked nightly to monitor
mating activity. Once adults mated, we conducted repeated
observations of egg clutches to detect parental behaviors and
assess their nature and frequency. We conducted diurnal and
nocturnal surveys on different groups of clutches, due to the
time constraints of nocturnal experiments. Eight clutches in
different stages of development were checked every 30 min
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over 7-h sampling periods during seven nights (between 20:30
and 03:30). At each observation, we recorded whether a pre-
sumed parent was present at the oviposition site, its sex, and
its position with respect to the egg clutch. Parental behaviors
were categorized as (a) absent from the oviposition site leaf,
(b) present at the oviposition site leaf but not in contact with
eggs, (c) in non-brooding contact with eggs (hand or head
touching the clutch), and (d) ventral contact egg brooding
(parent positioned on top of the clutch). The sex of the attend-
ing parent was determined by examining individuals for sex-
specific external characters, such as humeral spines and vocal
sacs, which only occur in males (Ruiz-Carranza and Lynch,
1991). The transparent venter of these frogs also allowed us to
see immature ovules developing in females. Daytime obser-
vations were made on 13 clutches. Each clutch was checked a
minimum of twice each day between 8:00 and 17:00 h, for a
period of 1-4 days. A subset of five males were uniquely
marked with toe clips and followed nightly over 4 weeks to
examine territoriality.

Female removal experiment

To test the functional benefits of maternal attendance, we con-
ducted a female removal experiment. Newly deposited
clutches were randomly assigned to either removal or control
treatments (n=29 and 25, respectively); clutch size did not
differ between treatments (#44.0=—0.038, p=0.96, n=54).
Control clutches were allowed to receive maternal care during
embryonic development, whereas removal clutches had their
mother removed between 0—6 days post-oviposition (dpo). A
minimum of three removals were conducted for each clutch
age, which allowed us to examine how the duration of care
(measured as the dpo of removal) affects different rates and
sources of embryonic mortality. If embryo requirements
change during development, egg fates should differ with their
stage at maternal removal. Removed females were released
~50 m upstream or downstream from their clutch; none sub-
sequently returned to their developing clutches. Hatching suc-
cess and time were monitored using 9-0z plastic cups posi-
tioned below clutches with thin metal wire (sensu Hayes
1983a). Hatchlings were counted and released daily to quan-
tify egg stage survival. We used daily observations and pho-
tographs of clutches to determine specific causes of mortality,
according to established characteristics used to discern embry-
onic mortality in terrestrial frog eggs (sensu Warkentin 2000;
Hawley 2006). We examined clutches for all possible sources
of embryo mortality, namely: dehydration, predation, fungal
infection, developmental abnormalities (i.e., eggs that partial-
ly developed and then died), and eggs removed by heavy
rainfall (rain-stripped). Five control females abandoned their
clutches within 2 days after oviposition. To test the effects of
prolonged parental care, these abandoned clutches were re-
moved from analyses comparing survival between treatments.

However, these naturally abandoned clutches were included
in analyses examining the influence of care duration on par-
ticular embryo fates.

Maternal commitment assay

We used a simple behavioral challenge to experimentally as-
sess maternal commitment to attending eggs. A standardized
series of graded threat stimuli were applied to females in two
behavioral contexts: caring and not caring for eggs. Most non-
caring females were gravid and found approaching male ter-
ritories prior to mating. The stimulus series consisted of (1)
slowly approaching the frog with a finger to ~1-cm distance,
and then waiting 10 s for a response; (2) touching the frog
softly with a finger, up to five times at 10-s intervals; (3) a
slightly stronger touch, up to five times; (4) pinching the frog
between two fingers, up to five times; and finally (5) pushing
the frog laterally until it was physically displaced from its
location. Such generalized threat stimuli provide a simple
means to create tradeoffs between avoiding perceived risks
and continuing parental care or another behavior (Frid and
Dill, 2002). We measured the level of disturbance at which
females stopped what they were doing and fled. Comparisons
were made between behavioral contexts to evaluate whether
females tolerate higher threat levels when caring for embryos.

Statistical analyses

Statistical analyses were conducted with R version 3.0.2 (R
Development Core Team 2013) and JMP Pro version 11. To
describe parental attendance patterns, we calculated the fre-
quency of egg attendance and specific behaviors for each in-
dividual female, during daytime and during nighttime obser-
vations, and then present summary statistics across females
(mean+SD). We used generalized linear models with a beta-
binomial error distribution (betabin) and a logit link function
(using the “aod” package; Lesnoff and Lancelot 2015), to test
whether the proportion of embryo fates differed between con-
trol and removal treatments. P values were computed with
likelihood ratio tests comparing nested models with and with-
out the treatment predictor. Comparisons between treatments
were made separately for each type of mortality to identify the
specific function of maternal care. Because the accuracy of
confidence intervals depends on parametric assumptions,
which proportional data do not meet, bootstrap analyses
(1000 times) were used to calculate more robust non-
parametric estimates of 95 % confidence intervals of the
mean for each cause of mortality (Davison and Hinkley 1997).
Determining whether the function of care changes during em-
bryonic development can provide insights on the factors that
maintain the duration of egg attendance. We modeled the in-
fluence of maternal care duration, measured as the dpo of
removal, on both overall embryonic mortality and particular
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embryo fates associated with care function (dehydration and
predation) using beta-binomial GLMs. These analyses
allowed us to evaluate whether the importance of care changes
during embryonic development, and whether predation and
dehydration differentially favor care at different developmen-
tal stages. To assess threat tolerance of females, the threat
stimulus level at which females responded was compared be-
tween behavioral contexts using chi-square tests.

Results
Natural history and maternal behaviors

L tayrona exhibits parental care in the form of prolonged
attendance of eggs. All attending individuals were females,
indicated by a lack of humeral spines and the presence of
immature eggs seen through the venter of adult frogs (=30
individuals, Fig. l1a—c). Females only cared for one clutch at a
time. In most cases, oviposition sites were located in the same
places (same leaves) where males were seen calling on the
previous evening. Repeated observations of marked males
revealed that they exhibit call site fidelity, calling from the
same leaf or nearby leaves (within 1 m) night after night. We
observed ten combat events between males with neighboring
territories (Fig. 1d). No females were observed during combat,
suggesting that combat may occur over territory disputes.
Some males left their territories after mating but returned to
the same call site on subsequent nights (Fig. 1¢). Oviposition

Fig. 1 Maternal attendance and
mating behaviors. a Throughout
the night, females remained in
egg brooding contact with their
clutch and performed active
movements on eggs. b During the
day, egg attendance was less
frequent but, when attending,
females often rested in brooding
contact with their clutch. ¢ Close-
up of the posterior region of a
female brooding an egg clutch,
with immature ova visible
through the transparent venter. d
Males in combat during territory
defense. e A male (left) calling
next to a previous mate, who is
caring for their clutch. Dead
Heliconia leaves above streams
were a common site for male
territories
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sites were more frequently located on the underside of leaves
above the stream (81 %, x*=30.31, df=1, p<0.0003, n=76).
The height of oviposition sites ranged from 51 to 200 cm (X =
151 cm, SD=63, n=35), although we were unable to monitor
males calling from higher sites.

While females attended eggs during both the day and the
night, diel patterns of attendance varied. Attendance was more
constant at night and consisted of prolonged periods of ventral
contact egg brooding, where females covered most of the
clutch with their bodies throughout the night (Fig. 1a).
During brooding, females performed active movements on
top of the clutch, including undulations and rotations, follow-
ed by long periods without movement. Just following ovipo-
sition, females moved around on leaves near oviposition sites
and stopped in wet spots, presumably absorbing water to hy-
drate egg clutches. We performed 26-95 observations per
clutch over seven nights (eight clutches, 491 nocturnal checks
in total). Individual females were present at the oviposition
site during 65.4-100 % (X =87.9+£10.6 %) of observations.
When present, they were engaged in brooding during 63.4—
96.8 % (X =78.5+£12.7 %) of observations, and in non-
brooding contact during 0-34.1 % (X =9.48+11.2 %) of ob-
servations. When present at night, females were always in
contact with their clutch; they were never seen in non-
contact attendance (category b). Females were absent from
oviposition sites on average of 11.8+£10.5 % of nocturnal ob-
servations. Interestingly, 90 % of observed absences occurred
either immediately after oviposition (when they were absorb-
ing water, as described above) or after females had completely
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abandoned clutches (indicated by continued absence during
all subsequent checks). Diurnal attendance frequency was cal-
culated from an average of 4.6 checks for each of 13 females
(58 diurnal observations in total). While our diurnal observa-
tions were limited, attendance did appear more variable during
the day than at night. Females were found at the oviposition
site during 0-100 % (X =30.1£41.8 %) of daytime observa-
tions. When present, they were always in contact with the
clutch, sometimes in a brooding posture (20.8 %=+25.9).
Daytime absence did not indicate abandonment, as many fe-
males absent from oviposition sites during the day were later
seen attending eggs at night. Females also moved to and from
egg clutches during the day, being absent during one or more
daytime checks, and then observed attending during others.
This contrasts with nocturnal attendance frequencies, where
females were seen in contact with eggs during all observa-
tions, with the exception of hydration behavior just following
oviposition and abandonment. Nightly observations to moni-
tor embryo mortality in control clutches (from the removal
experiment) found a similar pattern; females usually brooded
eggs throughout the night until completely abandoning
clutches (n=25). Hence, nighttime absence accurately indi-
cates female abandonment. Embryos became competent to
hatch from 16 to 18 days post-oviposition. The duration of
care was variable among females, and on average, females
terminated care before embryos were capable of hatching
(Table 1).

Female removal experiment

The removal experiment clearly revealed that female atten-
dance benefits embryo survival, as removal clutches experi-
enced significantly higher rates of egg mortality (x*=40.75,
df=1, p<0.0001). On average, embryo mortality for the re-
moval treatment was 85 %, compared to 21.8 % in control
clutches (Fig. 2). We observed several causes of mortality in
clutches of both treatments: dehydration, predation, fungal
infection, rain stripped, and developmental abnormalities.
Maternal attendance significantly reduced mortality caused
by dehydration (x*=23.57, df=1, p<0.0001) and predation
(x*=7.26, df=1, p<0.006). Dehydration was the primary
cause of mortality (41.2 %) of embryos in the removal treat-
ment, and among all naturally abandoned clutches (50 %, n=

Table 1  Summary of reproductive traits

Trait Number Mean+SD Min Max
Clutch size 59 76.2+15.2 45 119
Care duration (days) 26 11.65+6.29 1 22

Embryonic period (days) 19 253+4.2 16 33
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Fig. 2 The effect of female removal on the proportion of total embryo
mortality and specific sources of mortality among individual clutches for
control and removal treatments (n=25 and 29, respectively). Female care
primarily reduced mortality due to dehydration and predation. Circles
indicate the means and bars represent 95 % confidence intervals from
bootstrap analyses. ***p<0.0001; **p<0.001

5). Developmental abnormalities occurred in very low propor-
tions in both treatments but were significantly higher in con-
trol clutches (0.48 % control vs. 0.042 % removals,
X2=—8.67, df=1, p=0.007); however, this could be because
other sources of mortality more often killed removal clutches
prior to our ability to detect developmental abnormalities.
Pathogenic fungal infections also occurred infrequently and
did not differ between treatments (X2=—0.49, df=1, p=0.48,
Fig. 2), although saprophytic fungus occurred more often in
unattended clutches. Spiders of the family Anyphaenidae, har-
vestmen (order Opiliones), and whip scorpions (order
Arachnida) were observed eating embryos from removal
clutches at night. Predation also occurred in some control
clutches, but it appeared to occur more frequently dur-
ing the day when females were absent from oviposition
sites. Small coleopterans and crickets were seen on
three occasions eating dehydrated embryos from unat-
tended clutches.

Analyses of care durations (dpo of female removal)
revealed that the benefit of care to embryo survival de-
clined with embryonic age (x*=10.35, df=1, p=0.001,
n=33). The duration of care appeared to be differentially
associated with the two primary causes of mortality.
Specifically, embryonic dehydration was higher for earlier
removals (x*=13.27, df=1, p=0.0002), indicating that
hydration-related care is the most important during the
first few days of embryonic development (Fig. 3a). The
same analyses on predation rates found no such effect
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Proportion of dehydration

Days of care

Fig. 3 Embryo mortality in individual clutches across care durations,
measured as embryo age when mothers were removed. a The
proportion of mortality caused by dehydration declined with embryos’
age at removal. The line is predicted from the generalized linear model;

(x*=3.19.66, df=1, p=0.074), indicating that risk of pre-
dation continues throughout embryonic development
(Fig. 3b).

Maternal commitment

The assay of maternal commitment revealed that caring females
were significantly more threat-tolerant and required higher
levels of threat stimuli to induce a flight response, compared
to non-caring females (chi-square test y>=26, df=3,
p<0.0001, n=30, Fig. 4). Females approaching calling males
fled after comparatively little disturbance, whereas females at-
tending eggs were more reluctant to flee and frequently contin-
ued brooding until they were physically dislodged from their
clutch (see Online Resource 1 for a video). These females often
remained on the same leaf as their clutch and returned to their
eggs a few minutes after being pushed off.

Stimulus intensity

[%2]
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5 Pinch

—
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E Soft touch
g ;
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I
0.0

care no care
Behavioral context
Fig. 4 The proportion of females that fled at different levels of a graded
series of threating stimuli, for females caring and not caring for eggs (for a
video see Online Resource 1). The darkness of the colored bar indicates
the increasing levels of disturbance applied to females until they ceased
their current activity
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dashed lines represent 95 % confidence intervals. b In contrast, the
proportion of mortality caused by predation was consistent across age at
removal

Discussion

We document the first case of female care in glassfrogs. We
found that female /. tayrona exclusively attended eggs and
removing mothers dramatically increased rates of embryonic
mortality. The benefits of care changed during embryonic de-
velopment, suggesting that multiple threats to embryos differ-
entially select for care at different stages. Our behavioral assay
of maternal commitment revealed that females tolerate greater
threats while providing care than they do in other contexts.
The existence of maternal care in a lineage sister to all other
glassfrogs calls into question assumptions about the ancestral
care state for the family. In combination with emerging re-
search, this work indicates that evolutionary transitions in care
patterns among arboreal-breeding frogs are likely more di-
verse than currently thought.

Maternal care in . tayrona improved offspring survival by
protecting embryos from dehydration and predation, serving
similar functions as male care in Hyalinobatrachium
(Vockenhuber et al. 2009; Delia et al. 2013; Lehtinen et al.
2014). These care functions have been documented in other
terrestrial-breeding anurans, suggesting that dehydration and
predation are driving the evolution of parental behavior across
frogs with independent origins of terrestrial egg deposition
(e.g., Simon 1983; Townsend et al. 1984; Bickford 2004).
Exclusive female care is less common than male care among
arboreal-breeding frogs (Wells 2007), but a recent study on the
rhacophorid frog Chiromantis hansenae found that females
attend and brood eggs to prevent embryonic dehydration
(Poo and Bickford 2013). This emerging evidence on the
functional similarity of female and male egg attendance re-
veals a lack of sex-specific constraints, which may have facil-
itated evolutionary transitions in anuran parental care. This
contrasts with other sex-limited forms of care in anurans, such
as larval provisioning with trophic eggs, which is necessarily
sex-specific (Brown et al. 2010; Summers and Tumulty 2014).
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We found that the importance of maternal care to embryo
survival declined with embryonic age. Moreover, the func-
tional role of care changed during embryonic development.
Under the study conditions, the importance of care to egg
hydration greatly declined after 48 h past oviposition,
whereas predation occurred at similar rates throughout em-
bryonic development. Thus, it appears that egg predation
selects for prolonged attendance, whereas hydration-related
attendance is most critical in a relatively brief period fol-
lowing oviposition. Nonetheless, prolonged brooding may
be important to maintain egg water balance under more
variable weather conditions or at lower elevations. This
result is consistent with studies of male care in
Hyalinobatrachium fleischmanni, where dehydration mor-
tality for early removal clutches was higher than for those
conducted 48 h after oviposition (Delia et al. 2013).
Research on Hyalinobatrachium orientale found that
sources of embryo mortality changed across seasons, with
higher rates of predation occurring in removals conducted
during the rainy season (Lehtinen et al. 2014). These stud-
ies provide evidence that temporal variation in risks to
offspring impacts the function of parental care across
glassfrogs.

Both the relative duration of care and the nightly
amount of egg brooding appear to differ between
I. tayrona and male Hyalinobatrachium. Female
1. tayrona continuously brood clutches throughout the
night but usually abandon embryos before they are com-
petent to hatch. The presence of immature eggs in
L tayrona during care suggests that they lay more than
one clutch within a reproductive season. It seems possible
that the intense form of care provided by I fayrona im-
poses a cost in terms of energy allocation to future
clutches, favoring relatively shorter care periods. In con-
trast, male Hyalinobatrachium brood clutches infrequently
during multiple short bouts at night and often provide care
well past hatching competence (Vockenhuber et al. 2009;
Delia et al. 2013, 2014). Many Hyalinobatrachium also
guard multiple clutches while continuing mating activity
(Vockenhuber et al. 2009; Valencia-Aguilar et al. 2012;
Lehtinen et al. 2014). Reduced conflict between paternal
behavior and mating opportunities may have permitted
longer care durations in Hyalinobatrachium (Williams
1975). More research is needed to examine how reproduc-
tive effort influences sex-specific levels of parental care in
arboreal-breeding frogs.

Parental care is often associated with costs to parents in
terms of resource allocation, decreased mating opportuni-
ties, and physical risks from predators (reviewed by
Alonso-Alvarez and Velando 2012). Our behavioral assay
of maternal commitment indicates that females are more
willing to remain in risky situations when providing care,

and guarding eggs from predators probably increases their
risk of injury or mortality. Predation risk to parents has
been documented in several other frogs (reviewed by
Wells 2007), and a variety of predators—including snakes,
spiders, and katydids—eat both adult glassfrogs and eggs
(Hayes 1983b; LBV and JD personal observation).
Mothers of some leptodactylid frogs also exhibit extremely
aggressive behavior during offspring defense (Hurme
2011; Rodrigues et al. 2011). Our study provides a simple
method to quantify parental commitment and assess paren-
tal risk and decisions about offspring abandonment.

While females tend to invest more in care than do
males across the animal kingdom (Kokko and Jennions
2008), exclusive male care predominates among frogs with
semi-terrestrial reproduction (Wells 2007). In glassfrogs, it
was thought that male care evolved repeatedly from a state
of no care. However, our study reveals that both uniparental
male and female care exist, and raises questions concerning
the ancestral state of care in the family. It is possible that
maternal care also occurs in other lineages. Jacobson
(1985) observed female Espadarana (Centrolenella)
prosoblepon sitting on clutches for brief periods imme-
diately after oviposition, but parents never returned to
clutches on subsequent nights. More research is needed
among glassfrogs and other arboreal-breeding anurans to
determine the sex-specific patterns of parental care.
Understanding the diversity and evolutionary history of
parental care in frogs will likely impact our broader
understanding of, and assumptions about, care patterns
among tetrapods.
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