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Parental care increases offspring survival, but may be costly for parents,
reducing future survival and reproduction. Offspring attendance may increase pre-
dation risk, or reduce food intake, mating opportunities, and reproductive rate of
parents. Anurans exhibit a great diversity of parental care behaviours and offer an
opportunity to investigate the costs and benefits of parenting. Here, we measured
the body condition of females of the Neotropical frog Leptodactylus podicipinus
during tadpole attendance. By comparing attending and non-attending females, we
tested the hypothesis that females providing care will have reduced body condition
and food ingestion. Although fat body mass did not differ, attending females had
significantly lower body mass, ovary mass, and stomach volume after 6 days of care.
Overall, attending females may lose up to 40% of body mass due to parental care,
while non-attending females gain mass. Although 27% of attending females had
empty stomachs, prey diversity was higher. Additionally, the higher proportion of
aquatic hemipterans and spiders preyed on by attending females may be explained
by different microhabitat use and active protection of offspring. Our results indicate
that parental care has the potential to affect future reproduction of females via
reduction in body condition and food intake. Studies have shown the benefits
related to offspring survival in anurans, but few addressed the costs to parents. By
evaluating the potential costs of parenting in a frog species with aquatic tadpoles for
the first time, our study contributes to fill this gap. Studies investigating the costs
and benefits of parental care in different lineages of frogs will improve our knowl-
edge on the evolution of parenting in this highly diverse group.
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INTRODUCTION

Parental investment can be defined as any investment performed by the parents
to increase current offspring survival at the expense of the parents’ future reproduc-
tion (Trivers 1972). Because individuals have limited energy and time to allocate
among different activities (Gadgil & Bossert 1970), the benefits of parental care
impose costs for the caregiver in terms of reduced future survival and reproductive
investment (Williams 1966; Gross 2005; Klug et al. 2012). The trade-off between
current versus future reproduction has long been considered important in shaping
species” life-history in different animal groups (Roff & Fairbairn 2007; Santos &
Nakagawa 2012; Huang & Pike 2013). For species with parental care, the amount of
investment in current offspring may lead to loss of energy due to less opportunity to
forage, for instance, or to any other physiological stress for the caregiver (Townsend
1986; Alonso-Alvarez & Velando 2012; Saweki et al. 2019). Thus, because of this
parent-offspring conflict (Trivers 1974), parental care may increase parents” risk of
mortality and/or reduce future fecundity, mainly in ectothermic females that typically
present a positive correlation between body size and clutch/egg size (Gross 2005;
Prado & Haddad 2005; Alonso-Alvarez & Velando 2012).

Anuran amphibians exhibit a great diversity of parental care behaviours that
evolved mainly associated with terrestrial reproduction in the humid tropics, but is
also observed in some aquatic breeders (Crump 1996; Gomez-Mestre et al. 2012; Vagi
et al. 2019). In the last years, the number of parental care modes in anurans doubled
from 14 to 28 with the increase of studies on natural history (see Schulte et al. 2020).
Nearly 10% of anuran species provide some form of parental care to their offspring
after fertilization (Crump 2015; Schulte et al. 2020), which may be performed by the
male, female, or even both parents (Rodrigues et al. 2011; Dugas et al. 2015; Delia et al.
2017). Parenting in frogs includes not only care of eggs (Valencia-Aguilar et al. 2020a),
but also more complex behaviours, such as tadpole guidance, juvenile transportation,
and tadpole feeding, with females providing unfertilized eggs (Prado et al. 2000;
Bickford 2002; Brown et al. 2010; Dugas et al. 2015). Although many studies have
investigated different aspects of parental care in anurans (Furness & Capellini 2019;
Delia et al. 2020; Valencia-Aguilar et al. 2021), the costs and benefits remain under-
explored (Townsend 1986; Hurme 2011; Dugas et al. 2015; Valencia-Aguilar et al.
2020a; Lange et al. 2021). Most studies using parent removal experiments focused
on the adaptive benefits of egg attendance in a few frog lineages (reviewed by Schulte
et al. 2020). Considering that the evolution of parental care depends not only on the
benefits to offspring, but also the relative costs to parents (Schulte et al. 2020), studies
on parenting costs including different types of parental care are needed if we want to
understand the selective forces and mechanisms involved in the evolution of the great
diversity of parental care in amphibians.

In the Neotropical frog family Leptodactylidae, tadpole schooling and atten-
dance are restricted to species in the L. melanonotus and L. latrans groups (Prado
et al. 2002; de Sa et al. 2014). Leptodactylus podicipinus belongs to the L. melanonotus
species group and inhabits open formations in South America, from Brazil to
Argentina (Frost 2021). Males of L. podicipinus construct basins covered with vegeta-
tion at the margins of ponds, where females deposit eggs embedded in foam nests
(Prado et al. 2002). Females provide parental care for both eggs and tadpoles, guiding
and guarding the tadpole schools from predators (Prado et al. 2000; Martins 2001).
Females may also dig channels to connect temporary ponds when water level
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decreases (Rodrigues et al. 2011). Studies on the body condition and foraging activity
of caregivers have been published for anuran species that care for terrestrial eggs (e.g.
Simon 1983; Townsend 1986); however, no studies have investigated such aspects in
species with aquatic tadpole attendance. Herein, we evaluated the body condition and
diet of females of L. podicipinus during parental care of aquatic tadpoles. Given the
demand of parental care for this species in terms of energy (Prado et al. 2000; Martins
2001), we tested the hypothesis that tadpole attendance will decrease female body
condition. In addition, due to time restrictions on foraging, we expect a more
restricted diet and smaller stomach volume in attending females. By comparing
body mass, fat body mass, ovary mass, and stomach content between attending
females and females that were not caring for tadpoles, we discuss the potential costs
of parental care for future reproduction in this species.

MATERIALS AND METHODS
Study site

Our study site is located in the Pantanal, in southern South America, considered one of the
largest floodplains in the world, with an area of approximately 150,000 km? (Alho et al. 2019).
Fieldwork was conducted at the research station Base de Estudos do Pantanal (BEP),
Universidade Federal de Mato Grosso do Sul (19°34'36.4”S, 57°1'10.56”W), municipality of
Corumba4, State of Mato Grosso do Sul, central-western Brazil. The climate in the Pantanal is
markedly seasonal, with a dry season from May to September and a rainy season from October to
April, with a mean annual rainfall of 1,215 mm at the study site (Prado et al. 2005). Floods are
common between January and April, although duration and intensity of floods are unpredictable
(Prado et al. 2005; Junk & da Cunha 2018). Observations were conducted from November 2015 to
March 2016 and from September to November 2016, remaining in the field for 10-15 consecutive
days. Observations and sampling were carried out during the day and night at the margins of
ponds and flooded areas, where females remain with tadpoles.

Body condition measures

Females attend foam nests and tadpoles up to the final stages of the larval period (Prado
et al. 2000; Martins 2001). The larval period of L. podicipinus, from hatching up to metamor-
phosis, lasts about 28 days, ranging from 25 to 32 days (Martins 2001). During female attendance
of tadpoles, we measured daily variation in body mass during 6 consecutive days by weighing six
attending and nine non-attending females every day. Non-attending females were considered
those that had not spawned yet, thus they were not caring for offspring. To be able to follow and
measure the same female in consecutive days, before data collection started, we collected and
photographed many females. Each female was individually identified by photo-id of the dots
present on the belly and inferior lip; images were analysed in the software Wild-ID 0.4.5 (Bolger
et al. 2012). Body mass of individuals was measured with a digital balance (nearest 0.01 g). After
measurements, females were released at the capture site.

To examine stomach contents and obtain measures of stomach volume, fat body mass and
ovary mass, we collected 15 non-attending and 15 attending females of L. podicipinus (different
individuals from those used above). Females were euthanized in situ with 5% lidocaine (cream)
applied on the ventral and dorsal regions. Afterwards, they were fixed in 10% formalin, which
was also injected into the cloaca to minimize the effects of digestion, and then preserved in 70%
alcohol (McDiarmid 1994). In the laboratory, SVL (snout-vent length) of females was measured
with a caliper (nearest 0.1 mm) and each female was dissected to remove fat bodies, ovaries and
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stomachs. We weighed fat body mass and ovary mass (combining both ovaries) of attending and
non-attending females in a digital balance Shimatzu AY 220 (nearest 0.01 g). To calculate the
stomach content volume, we used a chamber made with microscopy slides and placed on a graph
paper (nearest 1 mm?), modified from Camera et al. (2014). Animals were deposited at the
Colegido Zoolodgica de Referéncia of the Universidade Federal de Mato Grosso do Sul (vouchers
ZUFMS-AMP 06473-06507).

Stomach content analyses

We identified insect prey items to Order level according to Triplehorn and Johnson
(2011). To determine the importance of each prey item, we calculated the importance index
following Kawakami and Vazzoler (1980), where: IAi = Fi * Vi/Z(Fi * Vi) (Fi: Frequency of
occurrence of i item, Vi: volume of i item). This index requires previous measurements of
frequency and volume in relative percentages that were taken as follows. Prey frequency was
calculated using Bowen’s (1983) formula: Fi% = 100ni/n (Fi: frequency of i prey, ni: number of
stomach where i item was found, n: stomach containing food); and volume was determined
using Hynes’ (1950) formula: V%i = Vi/(Vi + Vi, + Vi) (V%i: percent volume by item, Vi: volume
by item). Although undetermined prey items were not included in the stomach content analysis,
they were considered for the total volume analysis.

Statistical analyses

We used linear regressions to compare daily changes in body mass for both groups,
attending and non-attending females, using only the mass difference between the 1st day and
each of the consecutive days. Afterwards, we verified the difference between the two linear
regressions using ANCOVA. To compare SVL, body mass, fat body mass, ovary mass and
stomach volume content between attending and non-attending females, we used Student ¢ tests
or Mann-Whitney U tests (Welham et al. 2014), after checking for data normality and
homoscedasticity.

We tested if the frequency of empty stomachs differed between non-attending and attend-
ing females using a chi-square test. Additionally, to assess stomach content variation between
both groups, we performed a MANOVA analysis and a Principal Coordinates Analysis (PCoA) to
check prey category contributions using the prey volume data. We performed the analyses in the
R software v.3.5.1 (R Core Team 2020) using the vegan package (Oksanen et al. 2020).

RESULTS
Body condition

Attending and non-attending females of L. podicipinus did not differ in SVL
(t = 2.07; P = 0.24; Table 1). However, we found that body mass of non-attending
females increased (R? = 0.55; P < 0.001), while body mass of attending females
decreased (R?> = 0.54; P < 0.001) during the study period. Whereas non-attending
females gained 0.10 g per day, attending females lost 0.09 g per day (Fig. 1).
Additionally, linear regressions differed significantly from each other (F = 65.95;
df = 1; P < 0.001). The difference in body mass between the last and 1st day of capture
was significant (U = 81; P < 0.001; Fig. 2A); after 6 days, body mass of non-attending
females increased on average 0.93 + 1.03 g, while body mass of attending females
decreased on average 0.49 = 0.45 g (Table 1).
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Table 1.

Measures of body traits compared between attending females and non-attending females of
Leptodactylus podicipinus in the southern Pantanal, Brazil. Body mass difference (g) refers to the
difference in female mass between the first and last day, after 6 days. SVL = snout-vent length.

Attending females Non-attending females
Mean + SD Range n Mean + SD Range n
SVL (mm) 38.2 +2.98 34.6-45.6 15 37.1 + 1.71 34.1-40.0 14
Body mass (g) 5.69 = 1.75 4.18-9.04 6 4.82 + 0.98 3.64-6.84 9
Body mass difference (g) -0.49 + 0.45 -1.25-0.13 6 0.93 + 1.03 0.29-3.46 9
Fat body mass (mg) 0.33 £ 0.53 0.0-1.5 15 1.37 + 2.98 0.0-10.3 15
Ovary mass (g) 0.03 + 0.02 0.01-0.08 15 0.38 £ 0.21 0.10-0.76 15
Stomach vol. 359 +429 0.0-135.0 15 105.5 = 97.9 7.0-408 15
content (mm?)
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Fig. 1. — Daily changes in body mass of attending females and non-attending females of Leptodactylus
podicipinus in the southern Pantanal, Brazil.

We did not find significant differences in fat body mass between attending
and non-attending females (U = 121.5; P = 0.67; Fig. 2B). However, there were
significant differences in ovary mass (U = 255; P < 0.001; Fig. 2C) and stomach
volume content (U = 183; P < 0.01; Fig. 2D) between both groups. Ovary mass was
higher in non-attending females when compared with attending females (Table 1).
Likewise, stomach volume content was larger in non-attending females than in
attending females (Table 1). Additionally, frequency of empty stomachs differed
between the two groups (x* = 4.61, df = 1, P = 0.031); a considerable percentage of
attending females had empty stomachs (27%), while non-attending females had no
empty stomachs.
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Fig. 2. — Comparison of body mass change (A), fat body mass (B), ovary mass (C), and stomach volume
content (D), after 6 days, between attending females and non-attending females of Leprodactylus
podicipinus in the southern Pantanal, Brazil.

Stomach content analysis

The stomach content composition of non-attending and attending females was
significantly different (F = 9.24; df = 25; P = 0.001). Contrary to what we expected, attending
females presented more diversified stomach content while in non-attending females it was
more restricted (Fig. 3). Coleopterans were the most important item for non-attending
females, according to Kawakami and Vazzoler (1980) feeding index calculation and PCoA
ordinance (Fig. 4), while hemipterans were the most important item for attending females
(Fig. 3A-B). We found spiders and crickets only in the stomachs of attending females and
cockroaches occurred only in the stomachs of non-attending females (Fig. 3).

DISCUSSION

Studies assessing the costs of parental care in different vertebrates (e.g. Townsend
1986; Kenagy et al. 1990; Gillooly & Baylis 1999) and invertebrates (e.g. Cortez et al. 1995;
Colancecco et al. 2007) have shown that offspring attendance may increase metabolic rate,
predation risk, reduce food intake and body condition, negatively affecting future survival
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and reproduction. As we have hypothesized, tadpole attendance was associated with
reduced female body condition and food intake. We found that females of L. podicipinus
guarding and leading tadpole schools to safe sites lost body mass compared to females that
were not attending tadpoles. After 6 days, attending females lost, on average, 8.8% (= 0.5 g)
of their body mass, while non-attending females increased, on average, 18.7% in mass
(= 0.9 g; Table 1). If larval period lasts, on average, 28 days in this species (Martins 2001),
L. podicipinus females may lose up to 40% of body mass during attendance of tadpoles. Egg
brooding males of Eleutherodactylus coqui can lose nearly 20% of body mass along 20 days
of parental care (Townsend 1986). Considering that E. coqui males remain stationary
during parental care (Townsend 1986), our results indicate that maternal care in
L. podicipinus may be more energetically demanding, probably because females perform
displacements with tadpole schools (Martins 2001). According to parental investment
trade-offs (Gross 2005; Klug et al. 2012; Huang & Pike 2013), because females of
L. podicipinus are not able to feed properly during parental care (Rodrigues et al. 2004;
this study), our study indicates that the investment in current offspring may reduce body
condition and size, potentially decreasing future fecundity, because of the positive relation-
ship between female body size and clutch size (Prado et al. 2000; Prado & Haddad 2005).

We found no differences in body size (SVL) between attending and non-
attending females and ovary mass of non-attending females is within the range of
that for mature females (Prado & Haddad 2005). As expected, attending females had
lower ovary mass compared with non-attending females, which may result from the
fact that attending females had recently emptied their ovaries. However, based on
the presence of oocytes at different developmental stages in attending females (J.F.
Cuestas Carrillo unpubl. data), it is feasible that females produce more than one
clutch per year because L. podicipinus reproduces continuously throughout the year
at the study area (Prado & Haddad 2005). Thus, parental care effort may have
a short-term effect, reducing the number of oocytes produced in subsequent
clutches given the reduction in food intake, which deserves to be confirmed.

In amphibians and reptiles, lipids are stored in special organs called fat bodies,
serving as reserves during hibernation or proving energy for gametogenesis (Long
1987; Jorgensen 1992; Saidapur & Hoque 1996). Fat body mass was equally low for
both groups of females and our results suggest that fat bodies are not involved in
parental care in L. podicipinus. Fat bodies as a source of energy for parental care was
observed in egg brooding frogs with direct development, such as Cophixalus parkeri,
with a long parental care period of over 85 days (Simon 1983), and males of
Eleutherodactylus coqui that exhibited lower fat bodies in the middle of the parental
care period (Townsend 1986). At our study site in the Pantanal, a negative correlation
between fat body and ovary mass was reported for females of Leptodactylus macro-
sternum and L. fuscus, which have seasonal reproduction, but not for L. podicipinus,
which reproduces throughout the year (Prado & Haddad 2005). Hence, the continuous
reproduction of L. podicipinus may explain the lack of differences in fat body mass we
found between attending and non-attending females.

A total of 27% of attending females presented empty stomachs and mean sto-
mach content volume was smaller compared to non-attending females, which may
also decrease body condition and affect future reproduction, as mentioned above.
High proportions of empty stomachs in caregivers and differences in diet composition
between guarding and non-guarding parents were also reported for other frog species
(Simon 1983; Townsend 1986). Leptodactylus podicipinus is considered a sit-and-wait
generalist predator and its diet is mainly composed of arthropods (Rodrigues et al.
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2004). We found that coleopterans were the main prey item in the stomachs of non-
attending females, followed by dipterans and hemipterans, similar results found in
other studies for L. podicipinus (e.g. Rodrigues et al. 2004; Ceron et al. 2018). On the
other hand, attending females” stomach content was more diverse, with more hemi-
pterans, followed by coleopterans and spiders. Although we did not evaluate prey
availability, attending and non-attending females were collected in the same study
site and period of the year, thus we do believe that differences in stomach content may
be related to differential use of microhabitat during parental care. Adults of
L. podicipinus forage on the floor at the margins of water bodies, allowing the
encounter of prey such as coleopterans (Rodrigues et al. 2004). In contrast, females
performing parental care remain most of the time in shallow water close to the
tadpoles (Martins 2001; Prado et al. 2002; Rodrigues et al. 2004). Similarly, attending
females of Leptodactylus insularum showed differences in spatial occupation com-
pared to males and non-attending females (Hurme 2015). This change in microhabitat
due to parental care (Townsend 1986; Rodrigues et al. 2004) may explain differences
in stomach content and the higher frequency of aquatic hemipterans in the stomachs
of attending females in our study.

The diet of generalist anuran species varies according to seasonal changes in
arthropod densities and availability (Toft 1981; Lieberman & Dock 1982), and diets
follow the natural fluctuations of prey abundance (Whitfield & Donnelly 2006).
However, the high frequency of ingestion of Araneae by attending females may not
reflect opportunism or prey availability. Spiders are recognized as opportunistic tad-
pole predators (Menin et al. 2005), and attending females of L. podicipinus and
L. natalensis have been reported preying on insects and spiders, specifically on spiders
approaching to prey upon their eggs and tadpoles (Martins 2001; Santos & Amorim
2006). Therefore, the ingestion of spiders by attending females of L. podicipinus may
be the result of active offspring protection separated from foraging per se.

In anurans, egg attendance is the most common form of parental care, occurring in
50% out of 56 frog families (Frost 2021), against 16% where tadpole guarding occurs,
excluding cases of tadpole transport and feeding (sensu Schulte et al. 2020). However, in
contrast to some Leptodactylus species, with protection and guidance of tadpole schools
in open aquatic habitats (e.g. Wells & Bard 1988; Hoffmann 2006; Santos & Amorim
2006; Rodrigues et al. 2011), movements are limited in most species with tadpole care
because attendance occurs in burrows or phytotelma (see Wells 2007). Recent studies
point out that the evolution of egg care in amphibians requires only that parents remain
at the oviposition site at a presumably low cost and that it drives the evolution of
parenting at later stages (e.g. tadpoles, juveniles), which may evolve depending on the
ecological opportunities and species” life-history traits (Furness & Capellini 2019; Vagi
et al. 2019). For instance, the evolution of tadpole attendance requires that tadpoles
remain restricted in space (e.g. underground nests, phytotelma) or form dense schools
(Wells 2007; Furness & Capellini 2019). In this regard, tadpole schooling may have
favoured parental care evolution in species of Leptodactylus of the L. melanonotus and
L. latrans groups (de Sa et al. 2014), because it allows some foraging by the caregiver
while providing protection and care (Furness & Capellini 2019; this study).

Costs and benefits of care, life-history traits, and ecological, environmental and
evolutionary dynamics are suggested to affect the evolution of parental care (see Klug
et al. 2012). Parental care will be favoured when the fitness benefits to the caregiver
overcome the costs imposed by the care (e.g. decreased parent survival and/or future
reproduction) (Klug et al. 2012). Offspring survival is the main benefit for the parents and
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studies on different frog families have shown high offspring survival rates when parents
provide care (e.g. Simon 1983; Burrowes 2000; Bickford 2004; Poo & Bickford 2013;
Valencia-Aguilar et al. 2020b). However, intensity of parental care incurs in costs to
caregivers, such as decrease in body condition, food intake, reduced mating opportu-
nities, and adult survival, ultimately affecting lifetime reproductive success of parents
(e.g. Simon 1983; Townsend 1986; Prohl & Hodl 1999; Dugas et al. 2015). We found that
females of L. podicipinus showed decrease in body mass and food intake during tadpole
attendance, which have the potential to negatively impact future reproduction. Future
long-term studies should evaluate the effect of maternal care on tadpole survival rates and
investigate possible fecundity, survival, and mating costs for attending females. The exact
extent and nature of parental costs remain to be measured in many frog lineages, thus the
study of the costs and benefits of parenting in different taxa, with different types of care, is
imperative to test hypotheses and advance our knowledge on the evolution of parental
care in this highly diverse group (Schulte et al. 2020; Valencia-Aguilar et al. 2020a).
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