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Abstract

Parental care increases offspring survival, but may impose costs by decreasing adult survival or mating opportunities. Because
individuals have limited resources, time allocation and risk decisions are expected to vary according to the care status and threat
faced by parents. Herein, we evaluated the sources of mortality of clutches of the glassfrog Hyalinobatrachium cappellei and the
importance of paternal care for offspring survival. We also compared time allocation patterns and antipredator behavior between
attending and non-attending males. Using naturalistic observations and field experiments with different dummy predators, we
hypothesized that (1) offspring survival would be positively correlated with paternal care; (2) attending males would spend most
of the time caring for the embryos, while non-attending males would spend more time foraging and calling; (3) attending males
would prioritize their own survival when facing a high risk of predation, even with negative impacts on offspring survival. Main
sources of embryo mortality included predation and dehydration, and offspring survivorship was almost totally dependent on
paternal care. Although non-attending males spent more time calling and foraging, attending males also called and were able to
attract females and increase their mating success. However, contrary to our prediction, we found that attending males were more
risk-tolerant, increasing not only offspring survival but also their mortality risk. Our findings highlight the importance of the
predation risk level on parents’ decisions and that the reproductive status may play a significant role in determining antipredator
behavior and mating success in glassfrog males.

Significance statement

In species with parental care, parents face a trade-off between investment in current offspring survival and chances of future
reproduction. Hence, it is expected that natural selection will favor parents that attend offspring without incurring in higher risk of
predation. We investigated time allocation patterns and behavioral responses to different levels of threat in a glassfrog with
paternal care. Using field observations and predation experiments, we found that attending and non-attending males of
Hyalinobatrachium cappellei behaved differently depending on their care status and level of threat. Males were more likely to
tolerate high risks only when they were caring for clutches. We also found that the commitment of males to continue caring
resulted in higher offspring survival. Parental care behavior increased not only larvae hatching success, but also matting success
of attending males, suggesting that paternal care might be under sexual selection.
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2012), and any variation in parental care effort can affect both
offspring and parents” fitness (Clutton-Brock 1991; Klug and
Bonsall 2014). Given this parent-offspring conflict (Trivers
1974; Klug et al. 2012), previous studies have shown that
parents are able to assess and adjust their parental investment
according to brood size, remating opportunities, and level of
threat, for instance (e.g., Coleman et al. 1985; Székely and
Cuthill 2000; Sih et al. 2004; Tilgar and Kikas 2009). When
only the offspring faces a threat, parents can display diverse
behaviors to defend current offspring against predators or
stressful abiotic conditions, which may include attack or
avoidance of potential predators (Magnhagen 1992;
Rodrigues et al. 2011; Toledo et al. 2011; Ghalambor et al.
2013), or adjustment of care frequency according to climate
condition (Lisséker and Kvarnemo 2006; Consolmagno et al.
2016). On the other hand, when the threat is high to both
offspring and adults, parents have to decide between offspring
and their own survival and future reproduction (Trivers 1972;
Lima and Dill 1990; Coleman and Gross 1991). Hence, based
on the type and threat intensity, parents will probably priori-
tize their own survival, taking fewer risks to protect their oft-
spring (Andersson et al. 1980; Consolmagno et al. 2016).
Risk-taking decisions can also vary according to predators’
traits (Lima and Dill 1990), such as size and density; attending
males can attack more often adult predators instead of younger
ones (Poo et al. 2016), or escape when predator size exceeds
their own size (Chuang et al. 2017).

Many species in the Centrolenidae family, known as
glassfrogs, exhibit male parental care and studies have
shown that embryo survival is positively correlated with
parents’ guard behavior (Vockenhuber et al. 2009; Delia
et al. 2013, 2017). Main causes of embryo mortality include
fungal infection, dehydration, predation, and developmental
failure, and alterations in both parental behavior and off-
spring survival have been related to predator-parent interac-
tion (McDiarmid 1978; Delia et al. 2017). Although clutch
predation has been reported for many glassfrog species
(Valencia-Aguilar et al. 2012; Delia et al. 2017; Noronha
and Rodrigues 2018), antipredator behavior or male-
predator interactions remain poorly studied in this family
(Delia et al. 2017; Ospina-L et al. 2019). The glassfrog
Hyalinobatrachium cappellei occurs in the Amazon basin
(Frost 2020) and individuals reproduce during the rainy sea-
son (November to April) in central-north Brazil, along
streams or flooded areas (Noronha and Rodrigues 2018).
During the breeding season, males vocalize from leaves to
attract females and clutches containing ca. 17 eggs are de-
posited on the underside of leaves above the water (Noronha
and Rodrigues 2018). Males care for the clutches during the
embryonic development (approximately 15-20 days), active-
ly hydrating the embryos to prevent dehydration, and larvae
complete development in the water (Noronha and Rodrigues
2018; Valencia-Aguilar et al. 2020).
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As males of H. cappellei occupy a fixed territory before
and after oviposition (Valencia-Aguilar et al. 2020) and can
attend multiple clutches for a couple of weeks (Noronha and
Rodrigues 2018), this species is an excellent model to evaluate
parents’ time allocation patterns and how threat level posed by
different predators modify males’ behavior. Herein, we used
field observations and conducted experiments with different
dummy predators to test whether risk-taking decisions are
associated with male care status in H. cappellei. We also com-
pared how attending and non-attending males distribute their
time among different activities (e.g., calling, mating, foraging,
guarding), and tested the effect of care on embryos’ survival
with controlled parent removal experiments. Although attend-
ing males might be more risk-tolerant because of the benefits
associated with embryo protection, we predicted that they will
abandon the clutches and prioritize their own survival when
facing a high risk of predation. Moreover, we predicted that
attending males will devote more time to care activities, while
non-attending males will spend more time calling to attract
females, and that embryo survival and hatching success will
be higher in those clutches cared for their parents.

Methods
Study area

Field observations of H. cappellei were carried out at the Sao
Nicolau farm (9° 51’ 16.9” S; 58° 14’ 57.7" W), from January
to February in two consecutive years, 2016 and 2017, in the
municipality of Cotriguagu, Mato Grosso state, north-western
Brazil. The locality is close to the Juruena River, with 7000 ha
of Amazon forest (Rodrigues et al. 2010). The vegetation is
classified as dense humid forest, located in an agriculture ex-
pansion area named as “Arch of Deforestation” (Rodrigues
et al. 2010; Blaser et al. 2011). According to Kdppen classifi-
cation, monsoon climate predominates in the region
(Rodrigues et al. 2010), with a rainy season between
September and March (rainfall 1300—1700 mm; air humidity
80%) and a dry season between June and August (rainfall 20—
50 mm; air humidity 40%). Air temperature varies between 24
and 36 °C in the rainy season and 32 and 38 °C in the dry
season (Bittencourt-Rosa et al. 2013).

Activities of attending and non-attending males

We monitored 65 individuals (V= 20 attending and N= 5
non-attending males in 2016; N= 25 attending and N= 15
non-attending males in 2017) and 85 clutches (N=31in 2016
and N=54 in 2017) by diurnal and nocturnal sampling with
headlamps through visual and acoustic searches. Individuals
and clutches were monitored from 15 to 20 days, which varied
according to time spent by males in their territories and
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embryos’ developmental rate. We observed each male and
their clutches at a distance of 1.0 m and recorded for 20—
40 min (once in the morning and twice or three times at night)
until larvae hatching. To minimize male disturbance, we used
a digital video camera recorder in infrared night-shot mode
(Sony Handycam AVCHD) during nocturnal observations
and behavioral experiments. For individual recognition, we
took digital photographs of the dorsum spot patterns of adults
(Van Lidth de Jeude 1904; Kenyon et al. 2010). For sex iden-
tification, we used behavioral and/or morphological traits;
males were identified by their calls and vocal sacs, and fe-
males were identified after oviposition or by the presence of
oocytes visible through their transparent skin. We measured
the snout-vent length (SVL) of all monitored males using a
digital caliper (0.01 mm). During focal observations, we re-
corded general male activities (calling, mating, foraging), car-
ing activities of attending males (sitting close to or on the
eggs, hydrating, handling, behaving aggressively towards po-
tential predators), clutch attendance frequency (proportion of
time that male provided care during the day, between 08:00
and 13:00, and at night, between 20:00 and 02:00), and egg/
embryo clutch condition (parasitism, predation, embryonic
stage of development). Here, we considered clutch attendance
any passive or active caring behavior performed by males to
prevent embryos’ mortality, such as sitting close and guarding
the eggs/embryos, hydrating the embryos, embryo handling to
prevent fungus infection, or active defense against potential
predators (Simon 1983; Townsend et al. 1984). To compare
time devoted to different activities between attending and non-
attending males, we calculated the proportion of time that each
male spent in each activity (calling, foraging, mating, attend-
ing) relative to the total hours of observation in 1 day (08:00—
13:00, and 20:00-02:00). Then, we estimated time budget for
each male by summing occurrences of a given activity across
days and divided by the total days of observation. We consid-
ered attending males those individuals caring for the clutches
and non-attending males those without clutches. It was not
possible to record data blind because our study involved focal
animals in the field.

The adaptive significance of egg attendance: embryo
development and survivorship

To characterize and quantify egg care duration in H. cappellei
and assess its adaptive significance, we compared larvae
hatching success between unattended egg clutches (experi-
mental group; N=15 attending males removed; five males
in 2016 and 10 in 2017) and attended egg clutches (control
group; N = 15 attending males not removed; 10 males in 2016
and five in 2017). Number of eggs per clutch and embryo
developmental stage were not different between treatments (¢
test t14=3.09, P=0.75, t test t;4,=1.92, P=0.52, respective-
ly). We classified embryonic stage in two categories: early-

stage embryos (stages 1-19, Gosner 1960) and late-stage em-
bryos (stages 20-25, Gosner 1960) (following McDiarmid
and Altig 1999). For the experimental group, we removed
the attending male to prevent clutch assistance and in the
control group, attended egg clutches received paternal care
during embryonic development. Removed males were re-
leased ~ 10 m upstream or downstream from their clutches
and none returned to their territories. We examined and
photographed each clutch daily (once in the morning and
twice or three times at night) to quantify and record egg/
embryo mortality source. We registered embryo mortality by
predation, dehydration, fungal infection, or developmental
failure. Following oviposition, time required for embryos to
hatch is about 15-20 days (Valencia-Aguilar et al. 2020).
When larvae were about to hatch, we positioned plastic bags
beneath the clutches to collect the hatchlings and determine
larval survival. Larvae hatching success was the proportion of
hatchlings relative to the number of eggs per clutch.

Predation risk and behavioral response of attending
and non-attending males

To understand if male’s responses to threat vary according to
care status, we simulated different levels of risk, using non-
toxic rubber models of a katydid (25 mm) and a spider
(50 mm), which were presented to attending and non-
attending males. Katydids are common predators of both
adults and clutches of some glassfrogs (Cochranella
granulosa, Delia et al. 2017). However, based on previous
observations of predation events on clutches of H. cappellei
(Noronha and Rodrigues 2018; AVA pers. obs.), we consid-
ered katydids (Tettigoniidae) as a threat only for
eggs/embryos. Moreover, we observed a spider preying on
clutches of H. cappellei and a male leaving his territory after
noticing the spider, a common escape response to avoid pre-
dation (Toledo et al. 2011; Ortega-Andrade et al. 2013). For
these reasons, we used a katydid and a spider as predator
models in our experiments, representing different levels of
threat: predation risk only for offspring (katydid) and preda-
tion risk for male and offspring (spider). We tested our rubber
models using a dark resin ball as a control model, which were
presented to males of H. cappellei (N= 10) and three sympat-
ric anuran species: Allophryne ruthveni (N=5), Boana cf.
fasciata (N= 10), and Dendropsophus brevifrons (N= 10).
All individuals used in the validation tests responded similarly
to the three models, fled from predators’ proximity, and ig-
nored resin ball models. After validation, we exposed two
groups of attending (N= 5 in 2016 and N= 5 in 2017) and
non-attending males (N= 5 in 2016 and N= 5 in 2017) to the
following threats: (a) physical disturbance to simulate a
medium-risk predator attack; we used a katydid dummy that
represented a threat only for the clutches, and (b) physical
disturbance to simulate a high-risk predator attack; we used
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a spider dummy that represented a threat for both males and
clutches. In each treatment, we approached the dummy pred-
ators to males and clutches using a wooden stick. We used the
dummies to touch and squish males and clutches and recorded
if males remained in their initial position (pre-stimulus), faced
the predator or left the territory. We also registered males’
responses, as follows: body-raising (male stretches legs and
arms, lifting his body to increase the apparent body size; sensu
Toledo et al. 2011), remaining alert (male remains in the same
posture without calling or moving), fleeing (active escape),
and cloacal discharge (male releases a transparent liquid dur-
ing escape).

To test the effect of stimuli variation on males’ responses,
we exposed each group of males to the following treatments:
(1) random stimuli; for the first group of attending (V=5 in
2016) and non-attending males (N =15 in 2016), we presented
each dummy during 1 min, in a random sequence in consec-
utive nights; (2) non-random stimuli; for the second group of
attending (N= 5 in 2017) and non-attending males (N= 5 in
2017), we presented each dummy during 1 min in the same
sequence (katydid, spider) in the same night, with an interval
of 5 min between each stimulus. When a non-attending male
abandoned his territory, we monitored the site for five consec-
utive nights to determine if the male would return to the same
place or to a nearby leaf. Likewise, when an attending male
abandoned his territory with clutches, we monitored the
clutches until all embryos hatched or died. All predation risk
experiments were conducted by the same researcher (AVA),
from the same distance (1.0 m) and position (under) in relation
to males, moving carefully and slowly to avoid additional
disturbance to males.

Statistical analyses

Proportion of time that attending and non-attending males
spent in each activity was compared using the Kruskal-
Wallis test, because behavioral variables were not normally
distributed. We compared embryo survival between attended
and unattended clutches using a generalized linear model
(GLM), with a quasibinomial distribution. In this model, we
considered larvae hatching success as the response variable,
and mortality causes (predation, dehydration, and develop-
mental failure) and male presence (present or removed) as
explanatory variables. We also built models considering the
additive effect and interaction between the explanatory vari-
ables. Moreover, we used a linear regression to evaluate
whether an increase in the time that males spent attending
the clutches led to an increase of hatching success. We found
that males’ responses were not affected by stimuli variation
(P =0.99, Fisher’s exact test medium risk; P =0.99, Fisher’s
exact test high risk), i.e., males’ responses were similar during
predation experiments regardless of presentation order of
dummies (in sequence or randomly) or presentation time
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interval (the same night or consecutive nights). Hence, data
were combined for the subsequent analysis. To determine
whether care status (attending and non-attending) influenced
males’ behavior when facing a medium (katydid) and high
(spider) risk situation, we used logistic regression models,
with males’ responses as the response variable. We catego-
rized males’ responses as passive if males raised the body and
remained alert or active if males fled with or without cloacal
discharge. First, we tested whether isolated threat type (medi-
um or high risk) influenced males’ behavior change. Second,
we included males’ body size (SVL) and developmental stage
of embryos (early or late stages) as predictors to test whether
each males’ responses (passive or active) could be attributed
to body size and male care status. For visual representation of
the results, bar plots were used. All analyses were conducted
using the R software version 3.4.3 (R Core Team 2017).

Results
Activities of attending and non-attending males

Attending and non-attending males exhibited site fidelity, but
time allocation patterns differed among them (Fig. 1a). During
the day, attending males remained inactive close to their
clutches and hydrated the embryos only on dark, cloudy,
and rainy days for few hours (08:00-09:00 h). At night, they
distributed their time among calling (45%) or sitting close to
the clutches in an alert posture (30%), foraging (10%), hydrat-
ing or handling the eggs (10%), and in amplexus (5%; Fig.
la, b). Non-attending males were inactive during the day and
remained in a resting position on the same leaf used as calling
site. At night, non-attending males distributed their time
among calling (68%) from the same area but from different
leaves, foraging (30%), and mating (2%, Fig. la). Non-
attending males (N=20) spent much more time foraging
(P<0.001) and calling (P=0.002) than attending males
(N =45); however, attending males were more frequently ob-
served in amplexus than non-attending males (P= 0.001).
Considering the first day of male encounter, non-attending
males obtained their first clutch after a week (X = SD=7.16
+1.72 days, N= 6 males) while attending males obtained
more clutches after a couple of days (second clutch X =+
SD=3.05+1.07 days, N= 19 males; third clutch X + SD =
2.77 +1.20 days, N= 9 males; fourth clutch X+ SD =2.00 +
0.89 days, N= 6 males; fifth clutch X+ SD =2.00+ 1.41 days,
N= 2 males; sixth clutch 1 day, N= 1 male).

The adaptive significance of egg attendance: embryo
development and survivorship

Mean number of eggs per clutch was 19.91+4.19 (N= 85
clutches) and attending males simultaneously cared for one
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Fig. 1 Percentage of time spent by males of Hyalinobatrachium cappellei
in different activities during two breeding seasons (January—February

2016 and January—February 2017) at S3o Nicolau Farm, municipality
of Cotriguagu, Mato Grosso state, north-western Brazil. a Time spent in

to six clutches (X = SD =1.83 +£0.99), during the day and at
night. Clutches were deposited on the underside of leaves and
hydrated by males after heavy rains or during drizzling rain.
Because rains do not reach the clutches on the underside of the
leaves, on these occasions, males jumped and sat on wet areas
on the upper side of leaves to absorb and store water in the
bladder. After 10-20 min, males returned and covered the
clutches with their moistened bodies, making up and down
movements, with their bodies and hind limbs over the eggs,
changing their position and starting over again until hydrating
the entire clutch. We also observed males using their hands
and feet to rotate or clean the eggs/embryos. Embryo survival
in attended clutches was much higher (X+ SD = 86% +27.25)
when compared with that of unattended clutches (X = SD =
19.5% +35.33) (ANOVA F, 53 =11.28, P=0.0003; Fig. 2a).
Main causes of embryo mortality in unattended clutches were
predation (X = SD =50.0% +44.0) and dehydration (X =+

Mating

Sitting alert Calling Brooding - handling

Attending male activities
each activity by attending and non-attending males. b Proportion of time

spent by attending males in different activities while assisting the
clutches. Single asterisk indicates significant difference between bars

SD =40.0% +37.3) and in attended clutches were predation
(X+SD =14.0% +9.0) and developmental failure (X + SD =
7.5% +4.2) (Fig. 2b). Thus, male’s presence reduced clutch
predation (P = 0.0008) and dehydration (P =0.019). Although
developmental failure occurred in clutches of both treatments
(Fig. 2b), it was not a major cause of embryo mortality
(P=0.99).

Regarding care duration, we found a significant positive
correlation between the time male remains with the offspring
and larvae hatching success (£ 39 =64.94, R*=0.79,
P<0.001, N= 30 males (15 males in 2016 and 15 males in
2017), 63 clutches (26 in 2016 and 37 in 2017)). On average,
males spent 13.5 days (range 10—19 days, N= 30 males) tak-
ing care of a single clutch, and when taking care for multiple
clutches (more than one), offspring hatching success increased
3.54 times for each extra day that males spent with them.
During fieldwork, we observed spiders, katydids, ants, a
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Fig. 2 a Larvae hatching success of attended (control group) and non-
attended egg clutches (experimental group) of the glassfrog
Hyalinobatrachium cappellei. b Causes of embryo mortality identified
as predation, dehydration, and developmental failure for both attended

cockroach, and a snake (juvenile Lepfodeira annulata) prey-
ing on embryos of attended and unattended clutches during
the day and at night. Moreover, we observed an attending
male caring for two clutches on separate leaves, one in front
of the other, exhibiting passive defensive behavior to prevent
predation of one of his clutches. When a cockroach began to
cat the eggs, the male from a different leaf started to raise his
body until the cockroach stopped and left the leaf. Although
we observed the snake L. annulata preying on some egg
clutches, we could not observe if the male fled from the snake
or if he had already left the territory when the snake found the
clutches. In any case, probably the male would not have been
able to defend the embryos from the snake.

Predation risk and behavioral response of attending
and non-attending males

Our results showed that males’ responses to threat varied as a
function of care status. During the medium-risk experiment
(katydid dummy), attending and non-attending males
remained in their territories, without significant changes in
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(N= 30) and unattended clutches (N = 20) monitored during our study in
north-western Mato Grosso state, Brazil. Single asterisk indicates signif-
icant difference between bars

their behaviors (Table 1). While attending males raised their
bodies a couple of times (N =2 males in 2016, N =1 males in
2017, Fig. 3a) or remained in the same position (N =3 males
in 2016, N=4 males in 2017), non-attending males stopped
calling and remained in the same position (N =35 males in
2016, N=5 males in 2017, Fig. 3b). On the other hand, during
the high-risk experiment (spider dummy), behavioral re-
sponses of attending and non-attending males changed con-
siderably (Table 1). Attending males crouched down and
remained motionless (Fig. 3¢). Unlike non-attending males,
attending males only fled after we touched or squished their
dorsum with the spider (N =15 males in 2016, N=15 males in
2017), releasing a colorless liquid through their cloacae (N =2
males in 2016, N = 3 males in 2017) while escaping (Fig. 3d).
Besides, all attending males remained on the same leaf or
nearby and returned close to the clutches few minutes after
perturbation (N =15 males in 2016, N=5 males in 2017). By
contrast, non-attending males fled when we started ap-
proaching the spider and never returned to the same leaf, but
remained in the same area (N =4 males in 2016, N=5 males
in 2017, Fig. 3e, f). Attending and non-attending males did not
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Table 1  Logistic regression for factors associated with changes in the
responses of attending and non-attending males of Hyalinobatrachium
cappellei submitted to two levels of predation risk (medium and high risk)
during a fieldwork experiment conducted in the municipality of
Cotriguagu, Mato Grosso state, north-western Brazil. SVL snout-vent
length

df ¢ P Coefficient

Threat type

Medium risk 18 —0.007 099 -1872

High risk 18 —10850 <0.001 —51.132
Attending males

Threat 15 —-99.02 <0.01 <0.001

Embryo development 15 <0.001 1.00 0.00

SVL 15 <0.001 1.00 <0.001

Clutches development*SVL 15 <0.001 1.00 <0.001
Non-attending males

Threat 16 <0.01 0.003 —-338

SVL 16 <0.001 1.00 0.00

Threat*SVL 16 <0.001 1.00 0.00

exhibit aggressive behaviors (calls or fighting attempts) to-
wards the dummies. Finally, our logistic regression models
showed that males’ responses were affected by threat type
rather than males’ size or developmental stage of embryos
(Table 1).

Discussion

Our study showed that the reproductive status of males influ-
ences time allocation patterns and risk-taking decisions in a
species of glassfrog with paternal care, with possible implica-
tions for mating success. As expected, we found that non-
attending males of H. cappellei spent more time calling and
foraging compared with attending males. However, although
non-attending males called more, attending males continued
calling, mated more frequently, and obtained more clutches.
Calling and caring activities are energy-demanding; thus, it is
expected that males allocate certain amount of time or energy
in one activity at a time (Lissdker and Kvarnemo 2006; Bleu
et al. 2016). Furthermore, paternal care may reduce food in-
take, increase mortality risk, and/or decrease mating opportu-
nities of males (Simon 1983; Steinhart et al. 2004; Requena
etal. 2012). Nonetheless, we found that parental care not only
increased offspring survival, but also may benefit attending
males of H. cappellei by increasing their chances of gaining
both new mates and clutches. Evidences of parental care and
mating advantages in H. cappellei have been reported before
for a small sample size (Noronha and Rodrigues 2018), which
we confirmed here. Similar results have also been reported for
other species of anurans (Chen et al. 2011; Mangold et al.

2015), fishes (Coleman et al. 1985; Matsumoto et al. 2011),
and arthropods (Requena and Machado 2015), where males
continue to mate while caring for clutches in their territories.
Hence, our results showed that in H. cappellei, both care in-
vestment and mating are non-mutually exclusive activities and
that future studies should investigate parental care in
glassfrogs in the context of sexual selection.

As we predicted, embryos were almost totally dependent
on male care for survival. Only, 19.5% of the embryos of the
unattended clutches survived, compared with 86% of survi-
vorship in the attended clutches. High rates of embryo surviv-
al were also found in other glassfrog species with parental care
(Hyalinobatrachium aureoguttatum 96.5%,
Hyalinobatrachium fleischmanni 82 %,
Hyalinobatrachium orientale 79.8%, Hyalinobatrachium
valerioi 50%, lkakogi tayrona 78.2%, Centrolene peristicta
78.89%), as well as in some terrestrial (Eleutherodactylus
cooki 85%, Cophixalus parkeri 95%, Hylophorbus rufescens
78.2%) and arboreal frogs (Chiromantis hansenae 75%,
Oreophryne sp., 100%) when parents (male or female)
remained attending clutches (Simon 1983; Burrowes 2000;
Bickford 2004; Vockenhuber et al. 2009; Valencia-Aguilar
et al. 2012; Delia et al. 2013; Poo and Bickford 2013;
Lehtinen et al. 2014; Bravo and Delia 2015; Salgado and
Guayasamin 2018). Desiccation and predation are the main
causes of mortality of eggs and embryos in many animal
groups (Andersson et al. 1980; Alonzo-Alvarez and Velando
2012). Particularly in glassfrogs, parental care seems to be
mainly associated with reduction of embryo dehydration rath-
er than active defense against predation (Valencia-Aguilar
et al. 2012; Delia et al. 2013). Similarly, our results also sug-
gest that, although parental care reduced clutch predation, pre-
vention of desiccation is more likely to be the primary driver
of parental care in H. cappellei. We also found that males of
H. cappellei with multiple clutches increased hatching success
for each additional day they spent providing care. By extend-
ing the duration of care, parents may incur in energetic and
survival costs, as well as decrease mating opportunities
(Clutton-Brock 1991; Gross 2005; Klug et al. 2012).
However, as we mentioned above, our results suggest that
males of H. cappellei do not pay high energetic and mating
costs by providing prolonged parental care. On the contrary,
by increasing offspring survival and mating success,
prolonged parental care in H. cappellei seems to increase
males’ fitness. Furthermore, although survival costs were not
directly addressed here, we hypothesize that mortality risks in
males of H. cappellei do not increase as a consequence of care,
similar to what was found in Eleutherodactylus coqui
(Townsend 1986).

Anurans exhibit diverse and complex parental care behav-
iors (Furness and Capellini 2019; Vagi et al. 2019). Some
species, for example, are active caregivers that constantly hy-
drate their clutches (e.g., Kurixalus eiffingeri, Chen et al.
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Fig. 3 Behavioral responses of males of Hyalinobatrachium cappellei to
two levels of disturbance. a Attending and b non-attending males’ re-
sponses to medium-risk predation (katydid dummy). ¢, d Attending and e,

2007) or cover long distances looking for suitable water bod-
ies for larval deposition (e.g., Allobates femoralis, Ringler
et al. 2013), whereas in glassfrogs (Hyalinobatrachium ge-
nus), parents are mainly passive caregivers (Vockenhuber
et al. 2008; Valencia-Aguilar et al. 2012; Bravo and Delia
2015; this study). In H. cappellei, we observed that males care
for the clutches during the embryonic development (approxi-
mately 10-19 days; this study), remaining most of the time
close to clutches, even when emitting calls, but also hydrating

@ Springer

f non-attending males’ responses to high-risk predation (spider dummy).
In d, the arrow indicates attending male cloacal discharge after being
touched by the spider

or handling the eggs/embryos. Brooding behavior to hydrate
the clutches is typical of glassfrogs with parental care, where
parents, after absorbing water accumulated on leaves, position
their bodies on the eggs/embryos and release the collected
water on them (Valencia-Aguilar et al. 2012; Delia et al.
2017). Glassfrog parents also manipulate the eggs and embry-
os not only to prevent fungal infection and abnormal develop-
ment, but also to facilitate oxygen exchange between the en-
vironment and embryos by performing embryo-turning



Behav Ecol Sociobiol (2020) 74:84

Page9of 11 84

movements (Simon 1983; Valencia-Aguilar et al. 2012; Delia
et al. 2013).

Our last hypothesis was that attending males would priori-
tize their own survival when facing a high predation risk, even
with negative effects on offspring survival. Indeed, we found
that attending and non-attending males of H. cappellei were
able to discriminate between a medium and a high risk of
predation, adjusting their responses accordingly. However,
contrary to our prediction, attending males were more risk-
tolerant than expected. Theoretical models assume that by be-
having more cautiously, caregivers will be able to lower pre-
dation costs (Andersson et al. 1980). Likewise, experimental
studies have shown that parental risk decisions varied accord-
ing to parents’ chance of survival, but not offspring risk, i.e.,
when the threat is too high, parents will abandon their current
offspring to avoid being preyed and increase their chances of
future reproduction (Shaffer and Formanowicz 1996; Mahr
et al. 2015; Chuang et al. 2017). Nonetheless, our results
showed that attending males of H. cappellei are willing to risk
their own lives to protect their offspring. Similarly, attending
males of Centrolene savagei (Ospina-L et al. 2019) and attend-
ing females of lkakogi tayrona (Bravo and Delia 2015) are
more risk-tolerant and required higher levels of threat stimuli
to abandon their clutches increasing their risk of mortality.
Attending males of H. cappellei did not actively protect their
clutches against the spider dummies. However, despite of the
spider dummy being twice males’ size, they did not abandon
their clutches, risking their own survival. In
Hyalinobatrachium aureoguttatum (Valencia-Aguilar et al.
2012), an attending male was observed trying to attract the
attention of a harvestmen that was preying on his clutches by
moving close to the predator. We could hypothesize that males
of H. cappellei remain in their territories in an attempt to attract
the attention of larger predators, such as spiders, escaping fol-
lowing predator approach. Nonetheless, contrary to this predic-
tion, males only fled after we touched their dorsum with the
spider a couple of times, a behavior that in natural conditions
could have cost male’s life (Ortega-Andrade et al. 2013).
Alternatively, this tolerance of males to a high predation risk
could be a context-dependent behavior, exhibited only under
certain circumstances (e.g., when larvae are ready to hatch). In
fact, in glassfrogs, embryos are capable of hatching premature-
ly following parent desertion or to escape from predation, but
only after a period of obligate care (ca. 5 days) (Delia et al.
2014, 2018). However, hatching plasticity is unknown in our
study species. Furthermore, we found no effect of embryo de-
velopmental stage on males’ responses. The tolerance of
H. cappellei males to high predation risk could be explained
by the advantages in terms of offspring survival and mating
success we found, offsetting the mortality risk.

Similarly to what has been described for other anurans (Poo
etal. 2016; Chuang et al. 2017), fishes (Magnhagen 1992), and
birds (Mahr et al. 2015), our results suggest that males of

H. cappellei use visual cues to detect the presence of predators,
as our predator models did not emit chemical signs. Males of
H. cappellei did not actively or aggressively defend their
clutches from predators, contrary to what was reported for other
glassfrog species (H. valerioi, Hyalinobatrachium
colymbiphyllum, and H. fleischmanni), in which males defend
their offspring by kicking wasps away (Drake and Ranvestel
2005; Vockenhuber et al. 2008; Delia et al. 2010). Wasps can
be considered a low threat for males, which can be kicked off or
consumed by males (McDiarmid 1978). However, katydids
can be a threat not only for the clutches but also for males by
preying on them or causing injuries (e.g., Feihyla hansenae,
Poo et al. 2016; Cochranella granulosa, Delia et al. 2017).
Although we did not observe any active behavior defense
against katydids preying on embryos of H. cappellei, we did
observe a male trying to deter a similar predator, a cockroach,
when attacking the embryos by performing body-raising.
Body-raising is a common defense behavior of anurans
(Toledo et al. 2011); hence, males of H. cappellei may effec-
tively protect their clutches against medium-size predators,
such as cockroaches, minimizing energy expenditure and mor-
tality risk by avoiding physical contact. Although not aggres-
sively protecting the clutches, our study demonstrated that male
parental care is crucial for offspring survival, not only by
preventing desiccation, but also by reducing embryo predation.

In conclusion, we found that offspring survival is extreme-
ly dependent on parental care, which seems to be more related
to dehydration avoidance than predator defense in
H. cappellei. Although, not exhibiting active defense, attend-
ing and non-attending males were able to identify and respond
accordingly to the threat level imposed by the predator (i.e.,
predator type and behavior). But, contrary to our expectations,
attending males remained close to their clutches even when
facing a high predation threat, increasing their mortality risk to
protect their offspring. Although time allocation patterns dif-
fered between attending and non-attending males, we found
that care activities did not affect male’s mating opportunities;
attending males exhibited higher mating success and contin-
ued obtaining clutches. We suggest that differences in repro-
ductive status may play a significant role in the antipredator
behavior pattern exhibited by glassfrogs, which needs further
investigation, and that future studies should evaluate the role
of paternal care for female choice in centrolenids.
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