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Abstract

Background Parental care benefits offspring but comes with costs. To optimize the trade-off of costs and benefits,
parents should adjust care based on intrinsic and/or extrinsic conditions. The harm to offspring hypothesis suggests
that parents should invest more in younger offspring than older offspring because younger offspring are more vulner-
able. However, this hypothesis has rarely been comprehensively tested, as many studies only reveal an inverse correla-
tion between parental care and offspring age, without directly testing the effects of offspring age on their vulnerabil-
ity. To test this hypothesis, we studied Kurixalus eiffingeri, an arboreal treefrog with paternal care. We first performed

a field survey by monitoring paternal care during embryonic development. Subsequently, we conducted a field
experiment to assess the prevalence of egg predators (a semi-slug, Parmarion martensi) and the plasticity of male care.
Finally, we conducted a laboratory experiment to assess how embryo age affects predation by P martensi.

Results Our results showed that (1) male attendance and brooding frequency affected embryo survival, and (2)
males attended and brooded eggs more frequently in the early stage than in the late stage. The experimental results
showed that (3) males increased attendance frequency when the predators were present, and (4) the embryonic
predation by the semi-slug during the early was significantly higher than in the late stage.

Conclusions Our findings highlight the importance of paternal care to embryo survival, and the care behavior

is plastic. Moreover, our results provide evidence consistent with the predictions of the harm to offspring hypothesis,
as males tend to care more for younger offspring which are more vulnerable.

Keywords Parental care, Paternal care, Harm to offspring hypothesis, Offspring vulnerability hypothesis, Plasticity,
Phytotelm-breeding, Treefrog

Background

Selection favors phenotypes, including behaviors, that
can enhance the gross fitness of animals. Parental care
can provide benefits to offspring through various forms
to increase offspring fitness and the parents’ reproduc-
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biyckim@gymaxl,com costs, including survival and reproductive costs, such as
! Department of Life Science, Tunghai University, Taichung 407224, increased predation risk [2], reduced food acquisition [3],
Taiwan and delayed time to the next mating [4]. Theoretically,

2 Department of Life Sciences and Research Center for Global Change 1 | h h 6 £ .1
Biology, National Chung Hsing University, Taichung 402202, Taiwan parental care can evolve when the benefits o prov1d1ng

care outweigh the costs [1, 5]. Nevertheless, the costs and
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benefits of parental care vary with intrinsic factors (e.g.,
parental age and condition) and/or extrinsic factors (e.g.,
temperature, moisture, predator risk, offspring related-
ness, brood size, and quality) [6-9]. Therefore, parents
should adjust their investments based on both intrinsic
and extrinsic conditions to maximize the benefits and
minimize the costs [1, 6, 9].

Research across various taxa has shown that changes in
extrinsic conditions can strongly influence parental care
decisions (e.g., birds [10], snakes [11], lizards [12], and
frogs [7]). In frogs, one common form of parental care
is egg-guarding behavior [13], which includes attend-
ance and brooding. These behaviors can provide benefits
to the eggs [14], such as protecting them from predators
[15], removing poorly developed or fungus-infected eggs,
maintaining optimal humidity [16], or transferring anti-
microbial substances [17]. Some frog species with egg-
guarding behavior exhibit a fixed, high frequency (almost
full-time) of parental care. For example, in Chiromantis
hansenae, the mother cares for the eggs throughout the
entire egg phase, and experimental removal of paren-
tal care results in complete egg mortality [15]. However,
performing care of eggs imposes high costs on parents,
including exposure to higher predation risk, energy loss,
reduced food intake, and missed mating opportunities
[18-20]. Therefore, studies on some frog species have
found that parents adjust their parental care in response
to environmental changes to reduce costs (e.g., [7, 8]).

The age of offspring is an external factor that can influ-
ence parental care. Parents can adjust their investment
in parental care based on their offspring’s developmen-
tal stages (i.e., age) [1, 21]. Two hypotheses regarding
the effect of offspring age on parental care have been
proposed: the parental investment theory (or offspring
value hypothesis) suggests that parents should provide
more care as offspring value increases, expecting parents
to invest more in older offspring because they represent
more accumulated parental investment and therefore
higher value [1, 22, 23]. This prediction has been con-
firmed in many bird studies [24, 25]. Alternatively, the
harm to offspring hypothesis (or offspring vulnerability
hypothesis) suggests that parents should provide more
care when offspring are more vulnerable. Therefore, it
expects that parents should care for younger offspring
more because they are more vulnerable, while older off-
spring, being less vulnerable (e.g., better able to resist
predators), can still survive without or with less parental
care [21, 26]. For example, in parasitoid wasps (Goniozus
nephantidis) that exhibit infanticide behavior, females
defend younger larvae more than older ones when fac-
ing intruders (predators) of the same species [27]. Some
other studies have also found correlations between
parental care and offspring age that are consistent with
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the harm to offspring hypothesis (e.g., insects: [27]; birds:
[21]; mammals: [28]). In these studies, parental care was
observed to be higher in the early stages and lower in the
later stages. Whether younger offspring are more vulner-
able, however, has rarely been directly tested.

The Eiffinger’s treefrog (Kurixalus eiffingeri) is a small
treefrog that exhibits parental care and is commonly
distributed in montane-clouded forests of Taiwan. They
typically breed in phytotelmata, such as tree holes and
bamboo stumps, where males guard the eggs during the
egg phase, and females feed the tadpoles by laying unfer-
tilized eggs after hatching [29]. Previous studies on K.
eiffingeri found that males generally exhibit less than 30%
attendance during the egg stage [30, 31], and males do
not guard the eggs throughout the entire period: attend-
ance frequency is higher in the early and lower in the late
developmental stage [30, 31]. The primary cause of hatch-
ing failure in K. eiffingeri was predation by an invasive
species, the semi-slug Parmarion martensi [32]. Guard-
ing by male frogs can effectively reduce egg (and embryo)
predation [32]. Meanwhile, male K. eiffingeri can adjust
their care behavior accordingly in response to the vari-
ation of nest value (i.e., clutch size) and predation risks
[33]. Therefore, K. eiffingeri provides an ideal species
for testing the harm to offspring hypothesis. According
to this hypothesis, since late-stage embryos have more
fully developed muscle tissue compared to early-stage
embryos, which helps hinder predators from consuming
them, we expect males to exhibit more care during the
early stages of embryo development when the embryos
have weaker defenses against predators, and decrease
care frequency in the later stages when the embryos have
better predator resistance [21, 26].

This study aims to investigate the harm to offspring
hypothesis using K. eiffingeri. First, we conducted a field
survey to monitor male guarding behavior and the sur-
vival of embryos, confirming (1) the effect of paternal
care on embryonic survival and (2) differences in male
guarding (attendance and brooding) frequency between
early and late embryonic development stages. Subse-
quently, we conducted field experiments using P. martensi
as a predator to test (3) whether its presence would cause
males to alter their guarding (attendance and brooding)
frequency. Finally, through a laboratory experiment using
P. martensi, we examined (4) whether embryos at differ-
ent developmental stages exhibit different resistance to
predation. The (1) and (3) in this study were to confirm
the importance of paternal care to embryo survival and
the plasticity of parental care. Additionally, (2) and (4)
served to test the harm to offspring hypothesis, as they
investigated the relationship between male investment in
paternal care and offspring age, as well as the relationship
between offspring age and vulnerability.
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Methods

Study time and site

This research was conducted from July to August of
2020 and July to August of 2021. We conducted field
experiments and collected animals from two bamboo
forests (23°68"85” N, 120°79°10” E and 23°68"90” N,
120°79°10” E) in Chitou, Nantou County, Taiwan. The
bamboo forests consisted of Phyllostachys edulis and
Sinocalamus latiflorus, which are periodically cut for
commercial purposes, and the internodes left after bam-
boo cutting formed stumps that accumulated rainwater.
K. eiffingeri utilized these bamboo stumps as breeding
sites. Chitou is situated at an elevation of approximately
1016 m, with an average annual temperature of 17 °C
and an annual rainfall of about 3000 mm, with rainfall
concentrated mainly from February to September [29].

Study I: field survey

Sampling of clutches and males

The observation aimed to examine the effects of
paternal care on embryo survival and to compare the
differences in paternal care between early and late
embryonic development stages. From July to August
2020, we searched in the study area for newly laid eggs
of K. eiffingeri (1 to 2 days old). We recorded the clutch
size and captured the males (usually resting at the bot-
tom of bamboo stumps during the day and perching or
guarding the eggs at night). We measured the males’
snout-vent length (SVL), marked them by toe clip-
ping [34, 35], and released them back into the bamboo
stumps. We also measured the bamboo stump’s charac-
teristics, including stump inner diameter, height, depth,
and water depth (cf. [36]).

Monitoring of males and eggs

After marking males, we set up infrared cameras
(Ereagle E1B Waterproof Trail Camera) near the bam-
boo stumps. The cameras were positioned 50 cm away
from the egg-laying site and were set to take one photo
per minute inside the bamboo stumps every day until
all eggs hatched or died. During the monitoring, we
checked focal clutches daily between 3 and 5 pm, and
recorded the egg number. After all eggs were hatched,
we calculated the hatching rate for each clutch.

Quantification of paternal care and embryo mortality

By using photos from monitoring, we quantified the
frequency of paternal care behaviors. Attendance and
brooding were the focal egg-guarding behaviors in this
study. Each of these behaviors persisted for more than
1 min each time it was performed. Therefore, taking a
photo every minute ensured that almost all instances
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of parental care were recorded. For each clutch, we
defined the total recordings as the number of photos
taken from the beginning until the first tadpole
hatched (or until all eggs died if no tadpole hatched).
The number of photos capturing males engaging in
attendance or brooding represented the care number.
First, we calculated the attendance frequency as “the
number of photos of a male showing up at the spawn-
ing site / total recordings” and brooding frequency as
“the number of photos of a male physically in contact
with the eggs / total recordings” In rare cases, males
stayed at the inner wall positions (which referred to
attendance), which were blind spots for the camera. In
these cases, we determined if a male frog had stayed
inside the bamboo stump by examining photos taken
before and after. Our camera angles were always posi-
tioned to capture the eggs, ensuring no blind spots for
recording males’ brooding behavior. Second, we calcu-
lated the average daily embryo mortality rate as:

Total number of embryo deaths
Total amount of embryos in a clutch

Third, to compare paternal care during the early and
late stages of embryonic development, we calculated
the attendance and brooding frequencies in the early
stage and in the late stage. We categorized the devel-
opment of the embryo according to the Gosner stage
(hereafter, G-stage) [37]. The early stage refers to the
embryo before the 18" G-stage, while the late-stage
group refers to the embryo at and after the 18%
G-stage.

-+ number of days until no more embryos died -

Study II: field manipulative experiment

Experimental design and procedure

This experiment aimed to investigate whether the pres-
ence of embryo predators would affect paternal care.
From July to August 2021, we searched for newly laid
eggs (remaining in the early stage) with a male pres-
ence. We measured males’ SVL, marked them by toe
clipping, and released them back into the bamboo
stumps. We also measured the bamboo stump’s inner
diameter, height, depth, and water depth [36]. We
recorded the clutch size and randomly assigned the
clutches into control and experimental groups. A trans-
parent glass jar with a white plastic lid was placed on
the upper rim of the bamboo stump (Fig. 1a). The glass
jar was attached to the transparent plastic sheet using
hot glue to secure its position and orientation. Addi-
tionally, we used insulating tape to fix the glass jar on
the upper edge of the bamboo stump. A circular hole
was drilled in the plastic lid, and a mesh was attached to
the lid to disperse the odor inside the jar, allowing the
resident male to recognize the species inside the jar. We
maintained the humidity by putting cotton in the jar.
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Fig. 1 The setup of the manipulative experiment in the field. a
In the experimental group, a semi-slug in a transparent glass jar
was placed on the upper rim of the bamboo stump. b During
the experimental period, the cameras were positioned 50 cm away
from the egg-laying site to monitor the eggs and males

We also put some moss in the jars to provide adequate
food for predators. In the experimental group’s jar, a
representative egg predator, P martensi, was intro-
duced to simulate increased egg predation pressure. In
the control group’s jar, no predators were placed except
for the cotton and moss. Finally, we measured the site
characteristics of the bamboo stumps.

Monitoring of males and calculation of paternal care

After setting up the experiment, we installed infrared
cameras as we did in study 1 and monitored until all eggs
either hatched or died (Fig. 1b). We checked the clutches
daily between 7 pm and 12 am, recorded the number of
embryo deaths, and noted whether the males left the egg
clutches. Then, we used the same method as study I to
calculate male attendance and brooding frequencies for
each clutch.
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Study lll: laboratory manipulative experiment
Experimental design

This experiment aimed to examine the effect of embry-
onic development on predation. The experimental
treatments were divided into early-stage and late-stage
embryonic development groups. We collected the early-
stage embryos from the wild and incubated them in the
laboratory until they reached the late stage. We then used
P. martensi as the predator to examine the predation on
embryos in different developmental stages.

Experimental procedure

From July to August 2020, we collected the eggs from the
field within 1 day of oviposition and brought them back
to the laboratory. We randomly allocated these eggs into
groups, each containing five eggs. Using the stickiness of
K. eiffingeri egg jelly, we adhered eggs to filter paper to
carry the eggs accordingly. Each set consisted of 5 eggs
adhered to filter paper, which were subsequently attached
to the inner wall of plastic containers, mimicking the nat-
ural attachment of eggs to bamboo stumps in the wild.
Before the experiment, we collected P. martensi from the
wild and starved them for 2 days. After 2 days of starva-
tion, we measured their weight by an electronic scale (to
the nearest 0.01 g). One P. martensi was then placed in
each container during the experimental period, which
was conducted from 6 pm to 6 am the next day using a
camera in night vision mode (Sony HDR-CX900). We
conducted 20 independent replicates for each treatment
group. Then, we calculated the percentage of eggs con-
sumed by P. martensi.

Statistical analysis

All statistical analyses were performed using JMP Pro 14
(SAS Institute Inc., Cary, NC, USA), with a significance
level of a=0.05.

Due to the non-normal distribution of all the data, we
used nonparametric statistics for all analyses. In study
I, the Wilcoxon signed-rank test was used to examine
differences in the average daily embryo mortality rate
between groups with and without male attendance and
brooding. In addition, the Wilcoxon matched-pairs
signed-rank test was used to assess whether there were
differences in male attendance and brooding frequen-
cies between the early and late embryonic stages. In the
field experiment (study II), the Wilcoxon signed-rank
test was used to detect differences in attendance and
brooding frequencies between the control and experi-
mental groups. Finally (study III), the Wilcoxon signed-
rank test was used to assess whether the developmental
stage of the embryos affected the predation percentage
by P. martensi.
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Results

Study I: field survey

We monitored a total of 32 clutches in this study, each
with a male, presumably the father, who remained with
the clutch. All 32 clutches had complete camera monitor-
ing records, from the initial laying of the eggs to complete
hatching or death.

Daily mortality rate of clutches with and without paternal
care

Among the 32 clutches, 22 of them had males engaging in
attendance. Clutches with male attendance showed a signif-
icantly lower daily mortality rate than those without male
attendance (Wilcoxon signed-rank test, Z=2.4, p=0.017,
n: attendance=22, non-attendance=10, Fig. 2a). For the
32 clutches, 21 of them had males engaging in brooding.
Clutches with male brooding exhibited a significantly lower
daily mortality rate than those without male brooding (Wil-
coxon signed-rank test, Z=2.23, p=0.026, n: brood=21,
non-brood=11, Fig. 2b). Male SVL and bamboo stump
characteristics did not correlate in a statistically significant
manner with daily mortality rate (Spearman correlation,
Additional file 1-Table S1).

Paternal care in early and late embryonic stage

Among the 22 clutches with paternal care (attendance or
brooding), excluding those that did not successfully hatch
(six clutches), we analyzed the differences in attendance
and brooding frequencies between embryos’ early and
late stages. The results showed that the male’s attendance
frequency was significantly higher in the early stages than
in the later stages (Wilcoxon matched-pairs signed-rank
test, W=-39.0, p=0.044, n=16, Fig. 3a). Similarly, the
brooding frequency of males was significantly higher in
the early stages than the later stages (Wilcoxon matched-
pairs signed-rank test, W=-42.0, p=0.029, n=16,
Fig. 3b).

Study II: field manipulative experiment
We observed 15 clutches in total, with eight for the con-
trol group and seven for the experimental group.

Differences in paternal care between experimental

and control groups

There was a significant difference in attendance fre-
quency between two groups, with the experimental
group (with predatory stimulus) of males exhibiting a
higher attendance frequency than the control group
(without predatory stimulus) (Wilcoxon signed-rank
test, Z=2.3, p=0.024, Fig. 4a). However, there was no
significant difference in brooding frequency between the
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groups (Wilcoxon signed-rank test, Z=1.8, p=0.073,
Fig. 4b). There were no significant differences in male
SVL and bamboo stump characteristics between the two
treatment groups (Wilcoxon signed-rank test, Additional
file 1-Table S2).

Study lll: laboratory manipulative experiment

The predation percentages by P martensi were sig-
nificantly higher in the early stage of embryos than in
the later stage of embryos (Wilcoxon signed-rank test,
Z=-2.8, p=0.004, n: early stage=20, late stage=20,
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Fig. 5). The body weight of P. martensi did not corre-
late in a statistically significant manner with the per-
centage of predation (Spearman correlation, Additional
file 1-Table S3).

Discussion

This study aimed to investigate the harm to offspring
hypothesis by examining the relationship between
investment in paternal care and offspring age (embryo
developmental stage) in K. eiffingeri, and whether off-
spring vulnerability is related to their age. Firstly, results
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showed that male egg-guarding behavior (attendance
and brooding) significantly reduced embryo mor-
tality, and males increased attendance frequency in
response to the experimentally elevated predation risk
on embryos. These findings confirm the crucial role
of paternal care for embryo survival and demonstrate
that males can adjust parental care based on predation
risk. Additionally, males had higher guarding frequency
in the early than late stages of embryos, and the latter
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exhibited better predator resistance. These results are
consistent with the predictions of the harm to offspring
rather than the offspring value hypotheses, as males
tend to care more for younger offspring which are more
vulnerable.

The importance of paternal care and its plasticity

Male attendance and brooding are associated with lower
mortality, indicating the crucial role of male care on
embryo survival, consistent with previous studies on K.
eiffingeri [31]. Parental care has been shown to influence
egg mortality rates in various frog species [14]. Parents
can behave in different ways to enhance egg survival,
such as moistening eggs [16, 38], defending against pred-
ators [15], or removing fungal infections [39]. Previous
research on K. eiffingeri showed that males guard ovi-
position sites and use limb or body contact to moisten
eggs [30, 31, 40]. We observed that males covered the
eggs with their bodies and closely monitored P. martensi
to protect embryos when the predator was present, and
males pushed their forelimbs or covered P. martensi with
their bodies to expel the predator (personal observa-
tion, see video in Additional file 3). These behaviors sug-
gest the importance of paternal care for the survival of
embryos.

The males in the experimental group showed a
higher attendance frequency than those in the con-
trol group, indicating the ability of K. eiffingeri males
to adjust their egg-guarding behavior when facing an
embryo predator. Some frog species have been found
to have fixed and high-frequency guarding behaviors
(e.g., C. hansenae [15, 41], Hylophorbus rufescens [39],
and Hyalinobatrachium valerioi [42]). However, stud-
ies indicate that some frog species can adjust parental
care based on environmental factors such as weather
conditions [7] and seasons [8]. In previous studies in
K. eiffingeri, the presence of guarding males reduces
embryo predation by P. martensi and fungal infections,
promoting successful hatching [32]. For male brood-
ing, however, we found that males in the experimen-
tal group were only marginally (but not significantly)
higher than those in the control group. We contend
that this might be because the function of brood-
ing differs from that of attendance. In many glassfrog
(Centrolenidae) species, adults moisten eggs by their
brooding [16, 18]. In K. eiffingeri, previous studies
have shown that males might also engage in brood-
ing behavior to maintain egg moistening [30, 31, 40].
Therefore, when faced with the presence of predator,
the increase in brooding response in males is not as
significant as the increase in attendance. Overall, this
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study not only reconfirms the importance of paternal
care to embryo survival but also demonstrate experi-
mentally the plasticity of paternal care behavior.

Paternal care strategy: care more in early stage than in late
stage due to stage-dependent vulnerability of eggs

The harm to offspring hypothesis proposes that parents
provide more care to younger, more vulnerable offspring
[21, 26], while the offspring value hypothesis suggests
parents invest more care in older offspring as their value
is higher [1, 22, 23]. Previous research indicates that
parental care during the early developmental stages is
critical for the survival of embryos, as embryos in the
early stages are more susceptible to drying, predation, or
fungal infection, requiring more parental care [43]. Our
findings provide direct evidence that embryos in the early
developmental stages are more prone to predation. Inte-
grating the evidence of males providing more care for
early-stage than late-stage embryos and the higher pre-
dation percentage in early-stage embryos, we contend
that early-developing embryos under male care experi-
ence higher survivorship. Conversely, in the later stages
of development, embryos exhibit better defensive capa-
bilities, potentially resulting in reduced parental care of
male frogs.

The predation percentage on embryos was higher in
the early developmental stages and lower in the later
stages, suggesting embryos possess enhanced survival
capabilities (resistance to predators) in the later stages.
The growth and development of prey often influence the
dynamic interactions between prey and predators [44].
For example, in Oophaga pumilio, it has been observed
that offspring in later developmental stages exhibit some
level of toxicity, reducing the risk of predation [45]. In
Agalychnis callidryas, embryos in the later developmen-
tal stages can avoid predation by hatching earlier when
attacked by predators [46]. Currently, we do not know
whether K. eiffingeri possesses chemical defenses against
predators. In this study, however, we observed vigorous
shaking behavior in late-stage embryos of K. eiffingeri in
response to P martensi’s stimuli (personal observation).
The vigorous shake by late-stage embryos may hinder P
martensi from handling and consuming them. Never-
theless, we have observed that late-stage embryos of K.
eiffingeri showed vigorous shaking responses to various
stimuli, such as male care, human manipulation, and light
disturbances both in the wild and lab (personal observa-
tion). Therefore, further research is needed to determine
whether embryos can distinguish between stimuli from
predators, threats, or parental care, and whether embryos
can possess chemical defenses against predators.
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Reproductive strategy: trade-off

The adjustment of attendance frequency by male K. eiffin-
geri based on the predation pressure and developmental
stage of embryos suggests a trade-off between male attend-
ance and costs. Parental care comes with various costs
[14], leading parents to weigh the costs and benefits of care
based on environmental conditions and adjust the level of
care accordingly [23, 41, 47]. In Allobates femoralis, adults
increase the number of tadpoles transported to minimize
energy loss rather than repeat transport if the destination
is distant [47]. In Thoropa taophora, because egg predators
may be more active at night, males tend to guard at night
and temporarily abandon egg clutches during the daytime
when the risk of dehydration is higher [48]. In Centrolene
savageii, eggs become less prone to drying as they develop.
Consequently, males gradually reduce guarding frequency
and display more vocalization behaviors [16]. In these
cases, parents evaluate the costs and benefits of guarding
based on the current situation, ultimately choosing to alter
parental care. In K. eiffingeri, a previous study suggests that
males have the ability to choose breeding sites based on
environmental conditions to maximize offspring survival
[49]. Moreover, the authors suggested that males are able to
balance between guarding and additional breeding oppor-
tunities, adjusting guarding time to maximize reproductive
benefits. For example, when water levels inside bamboo
stumps are high, reducing the risk of egg dehydration, males
should decrease guarding and seek new mating opportuni-
ties, and vice versa [31]. Another study also showed that
K eiffingeri males adjusted their attending behavior when
facing predators that may consume the adult frogs [33].
Our results indicate that when the egg clutch faces a threat
from egg predators, males increase attendance frequency
to ensure the current offspring’s survival for reproductive
benefits. Conversely, when the risk of embryo predation
is low, males exhibit lower attendance frequency, suggest-
ing a possible shift towards foraging to replenish energy or
seeking new reproductive opportunities, reducing the cost
of guarding. Nevertheless, there is currently no direct evi-
dence indicating that male K. eiffingeri engaged in parental
care suffer costs. These hypothesized costs of parental care,
thus, remain to be further studied.

Conclusion

Previous studies showed an association between off-
spring age and paternal care but without directly assess-
ing the vulnerability of offspring age on predation risk
[21, 27, 28]. Our results provide empirical evidence to
support the harm to offspring hypothesis in which male
K. eiffingeri care more for younger offspring which are
more vulnerable. By integrating field and laboratory
experiments that include interactions between males,
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offspring, and offspring predators, we provide direct
evidence to explore the plasticity of paternal care in K.
eiffingeri, which shed light to a better understanding of
ecological and evolutionary significance of male repro-
ductive strategies.
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