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Parental care is widespread across the animal kingdom. Parental behaviours are beneficial by increasing offspring
survival but induce significant costs to the parents. Because parental care is far more common in females, the
associated reproductive costs have been largely studied in this sex. Although male parental care is likely to involve
significant costs, it has been markedly less well investigated. We studied the costs of egg-carrying on locomotor
performance in an amphibian species (Alytes obstetricans) with male parental care. We examined complementary
parameters including hopping performance, righting response, hindleg muscle response to egg burden, and homing
time in males carrying or not carrying eggs. We found that carrying males showed altered locomotor performance
for most traits. In addition, alteration of performance was closely related to relative clutch size. Clutch desertion
occurred in smaller individuals carrying larger relative clutch mass, and performance after desertion was similar to
that of non-reproductive individuals. Overall, our study demonstrates that carrying eggs significantly alters male
mobility and that performance—clutch size trade-offs are relevant in understanding the evolution of paternal care.

ADDITIONAL KEYWORDS: egg transport — fecundity trade-offs — male parental care —sex role reversal.

INTRODUCTION (Kokko & Jennions, 2008; Royle et al., 2012). For
example, mode of fertilization can influence which
parent provides PC, male parental care (MPC) being
more common in species with external fertilization
(Dawkins & Carlisle, 1976; Gross & Shine, 1981; Beck,
1998; Vagi et al., 2019) or when mechanisms securing
paternity exist (Kvarnemo, 2006; Kahn et al., 2013).
Overall, PC requires substantial time and energy
investments which can compromise parental energy
balance, increase exposure risk or induce parental-
offspring conflict (Crespi & Semeniuk, 2004; Royle
et al., 2016). The magnitude of these costs is often
related to the number of offspring but may vary among
males and females, influencing the level of parental
commitment (Alissa et al., 2017).

Although exclusive MPC is relatively rare, it has
been documented in both invertebrates and vertebrates
(Ridley, 1978; Kahn et al., 2013; Dulac et al., 2014; Bleu
et al., 2016; Bukhari et al., 2019; Quesada-Hidalgo
*Corresponding author. E-mail: lange@cebc.cnrs.fr et al., 2019). MPC can include internal or external

Parental care (PC) refers to all post-zygotic
investments, and understanding the diversity of PC
is a central focus in evolutionary biology (Clutton-
Brock, 1991; Royle et al., 2012). PC is predominantly
delivered by females, sometimes by both parents and
less frequently by males only (Clutton-Brock, 1991;
Dulac et al., 2014; Gilbert & Manica, 2015; Furness
& Capellini, 2019). This asymmetry reflects sex-
differences in allocations (anisogamy) and sex-specific
fitness benefits from PC (Trivers, 1972; Westneat &
Fox, 2010; Hayward & Gillooly, 2011). Notably, female
reproductive success is maximized by increasing
allocation of energy and resources to progeny, while
males benefit from increasing mating opportunities
(Trivers, 1972). Beside anisogamy, a diversity of traits
can influence the sex of the parent involved in care
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brooding, but also feeding, guarding and carrying the
progeny (Ridley, 1978). Current concepts posit that
exclusive MPC has emerged from a situation of no
care (ancestral state, Gilbert & Manica, 2015) either
by natural selection (e.g. ‘territoriality hypothesis’)
or by female choice (e.g. ‘sexual selection hypothesis’;
Nazareth & Machado, 2010). Multiple benefits of MPC
have been highlighted for either the male, the female
or both and include: (1) enhanced parental fitness,
(2) increased male attractivity, (3) secured paternity
and (4) reduced physiological costs for the mother
(Kvarnemo, 2006). Despite these benefits, it is essential
to clarify the costs of MPC to better understand
parental strategies (Alonso-Alvarez & Velando, 2012).
Yet only a few studies have explicitly estimated
these costs (but see Townsend, 1986; Svensson, 1988;
Ahnesjo, 1995; Reguera & Gomendio, 1999). Important
flexibility in the expression of MPC has been described
in several taxa, and clutch abandonment can be
observed in response to environmental constraints
(Kight et al., 2006). Examining species with exclusive
MPC represents a powerful opportunity to assess the
post-zygotic costs of reproduction and to address the
evolutionary context leading to MPC.

Anuran amphibians display the largest diversity
of reproductive and parental strategies among
vertebrates (Duellman & Trueb, 1994; Crump, 2015).
Multiple forms of PC exist in this group: egg attendance,
egg transport, tadpole attendance, tadpole transport,
tadpole feeding, and internal gestation whether in the
oviduct, the stomach or a dorsal pouch (reviewed by
Crump, 1996; Furness & Capellini, 2019). PC is found
in 17 of the 27 extant anuran families. Among them,
47% of species with uniparental care demonstrate MPC
(Crump, 1996; Dulac et al., 2014). Male attendance has
been widely described in different species, especially
in the tropics (Townsend et al., 1984; Downie et al.,
2005; Royan et al., 2010; Delia et al., 2013; Chuang
et al., 2017). Similarly to female PC, the benefits of
MPC can involve the regulation of developmental
conditions (protection against desiccation) or reduced
predation risks for the offspring. However, progeny
attendance or transport can influence predation
risks for the parent (Dugas et al., 2016; Valencia-
Aguilar et al., 2020). Interestingly, clutch desertion in
species with uniparental care has been documented in
different contexts, suggesting high levels of flexibility
in parental commitment (Ringler et al., 2015). Clutch
desertion can be related to increased costs (predation
risks, mating opportunities) or reduced benefits of care
(when the number of offspring is low; Delia et al., 2013;
Chuang et al., 2017).

The evolution of reproductive modes in amphibians
is closely linked to climatic conditions and PC is
particularly diverse under warm climates (da Silva
et al., 2012; Crump, 2015; Lion et al., 2019). Species

showing PC and MPC can also be found under more
constraining climates and deserve specific attention
notably to study terrestrial reproduction (Crump,
1996; Ubeda & Nuiiez, 2006; Vagi et al., 2019). In the
Western Palearctic region, the genus Alytes comprises
five species that all display terrestrial incubation and
exclusive MPC (Marquez & Verrell, 1991; Verrell &
Brown, 1993; Marquez et al., 2011; Pinya & Pérez-
Mellado, 2014; Salvador, 2015). Males carry the eggs
during the whole period of embryonic development
which lasts 3—6 weeks (Wells et al., 2015). This genus
provides an opportunity to explore the possible costs
of paternal care. We investigated the influence of egg-
carrying on locomotor performance and the possible
interactions with clutch size in the common midwife
toad (Alytes obstetricans). Our main hypothesis is
that paternal care decreases male mobility and that
locomotor constraints depend on reproductive effort.
We considered locomotor traits that are ecologically
relevant for a male midwife toad while carrying
eggs. These traits included hopping performance,
righting response, hindleg muscle response to egg
burden, and homing time by comparing carrying and
non-carrying males.
Specifically, we tested the following predictions:

1) Egg-carrying males should exhibit lower locomotor
performance when compared to non-carrying males.

2) Clutch size should influence performance in
carrying males. We expect a negative influence of
egg burden (relative clutch size) on male locomotion.

3) Clutch desertion should occur in response to
disturbance notably among males with lower
reproductive effort.

MATERIAL AND METHODS
STUDY SPECIES

The common midwife toad (Alytes obstetricans) is a
small (4-5 cm) species from the family Alytidae that
ranges across Western Europe (Rodriguez-Rodriguez
et al., 2020). Alytes have a unique type of reproduction
with terrestrial egg development. During mating, the
male collects the fertilized eggs and attaches them in
strings around his hind legs. Eggs are carried until
the end of embryonic development which lasts up to
32 days in the wild (Marquez, 1992). Once embryos
have completed their development, the male reaches
small water bodies (ponds, puddles, ditches) to deposit
the tadpoles (Marquez, 1992). In A. obstetricans, clutch
size ranges from 32 to 171 eggs (Marquez, 1996).
Males can carry simultaneously several clutches from
different females (Marquez, 1992; Pinya & Pérez-
Mellado, 2014).
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COSTS OF MALE PARENTAL CARE 3

CAPTURE, HOUSING AND SEX IDENTIFICATION

The study site is located in western France (Chizé
forest, 46.145°, —0.394°) and harbours a relatively
large population. Adult toads were collected during
the reproductive season (April to July 2018) (Marquez,
1990). Every week, up to ten individuals were
captured by hand and brought to the laboratory where
they were measured (snout—vent length, SVL, mm)
and weighed (mg). They were individually housed in
plastic boxes (32 x 18.5 cm and 10.5 cm high) with
2 litres of moistened vermiculite (4 cm thick) and
allocated in a controlled temperature room (20 °C).
Two shelters (halved PVC tubes) and a small water
bowl (7 cm diameter and 4 cm high) were placed inside
each box. Individuals were kept in the laboratory for
3 days before being released at the exact capture site.

Midwife toads show limited sexual dimorphism
(Bosch & Marquez,1996). Eachindividual wasinspected
to identify its sex using a combination of different
methods. Individuals found carrying a clutch were
straightforwardly sexed as males. Individuals found
with visible eggs in their body cavity were identified as
females. Otherwise the sex was set as undetermined
unless the individuals were subsequently recaptured
either carrying eggs or with eggs in the body cavity.
We captured a total of 91 different males. Several
individuals (18) were captured twice but we only used
naive individuals in the analysis. A total of 63 males
were found carrying eggs. Clutch size was recorded for
a subset of 56 individuals for which adjusted clutch size
was calculated. Among the 63 carrying individuals, 14
deserted their clutch during the captivity period. Due
to technical constraints, performance measures were
not collected for all individuals. Effective sample sizes
for each parameter are specified.

CLUTCH SIZE OF CARRYING MALES

We estimated clutch size using top-side photographs to
count the number of eggs of each carrying male with the
multi-point tool of Imaged (Rasband, 1997-2018). We
validated this method with a subset of 11 individuals
for which we compared estimated clutch size and
actual clutch size [linear model (Lm), F<1,9> = 20.6,
R?=10.70, P = 0.001]. A positive relationship between
SVL and estimated clutch size was found (Fig. 1). We
calculated the relative clutch size (residuals of the
linear relationship between estimated clutch size and
male SVL) to test the independent effects of body size
and reproductive effort on locomotion.

LOCOMOTOR PERFORMANCE

We used an integrative approach to describe
locomotor performance and address potential costs of

60 .

40

Estimated clutch size

20

32 36 40
SVL (mm)

Figure 1. Relationship between estimated clutch size and
snout—vent length (SVL). The line represents the fitted
linear regression and the grey area the 95% confidence
interval.

egg-carrying. Locomotor performance was measured
after 1 day of acclimatization to laboratory conditions.
We focused on four parameters described below.

Hopping performance

Hopping performance is essential for locomotion or
escape in anurans. We used an anti-sliding support
made of synthetic turf in a room set at 20 °C. During
the trial, toads were stimulated by gently touching
the end of the urostyle to induce a hop. Toads were
stimulated until no reaction appeared after 15 touches
in a row. For individuals that refused to jump, hop
response was set as 0. For toads that jumped at least
once, hop response was set as 1 and the number of hops
before the response ceased was counted. Each trial
was video-recorded (Handicam HDR-XR100; 30 FPS),
so that we could measure hopping distances using
Imaged software (Rasband, 1997-2018). We measured
hopping performance of 16 non-carrying males, 38
carrying males and eight deserting males (that had
previously abandoned their clutch).

Righting response

This parameter provides a defence response when
confronted by a potential predator. This parameter is
a fitness index in terrestrial ectotherms, as a faster
righting response is correlated with survival (Delmas
et al., 2007). Righting response was measured on a
horizontal surface (plastic board) in a room set to
20 °C. A trial comprised turning the toads upside
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down and measuring the duration needed for each
toad to turn back upright. If handling induced
catalepsy, data were discarded. Each trial was video-
recorded (Handycam HDR-XR100; 30 FPS), so that
we could measure the number of images, convert
this to seconds using the frame rate setting of our
camera, and therefore determine the duration of
each righting response. We measured the righting
response of 12 non-carrying males, 41 carrying-
males and six deserting males.

Hindleg muscle response to egg burden

We designed a simple test to address the response to
gravity, i.e. the burden of clutch mass on muscular
performance. The hindleg muscles are key to
locomotion including hopping and walking capacities.
Each individual was held vertically by holding it
between the thumb and the forefinger in the axillary
region and leaving the hind limbs suspended in the
air. We assessed if the animal was able to maintain its
hind legs close to the body (typical response). None of
the males dropped their clutch in the process. Hindleg
muscle response to egg burden was measured in a room
set at 20 °C. Each toad was measured on ten successive
occasions. Each trial lasted for 1 min after which a
new trial was started if the toad did not completely
drop both hind legs indicating an inability to maintain
muscular contraction. If handling induced struggling,
toads were immediately released, before starting again
a few seconds later and this procedure was repeated
until ten trials had been completed. We determined
for each trial if the individual failed (1) or succeeded
(0) in maintaining its hind legs folded over 1 min. We
also recorded the time at which the toad completely
dropped both legs. We estimated the hindleg muscle
response to egg burden of 15 non-carrying males, 37
carrying males and eight deserting males.

Homing time

We designed a simple test to examine homing time.
We tested individuals in a room set to 20 °C with toads
placed in a plastic corridor (73 x 11 cm and 17 cm
high) the bottom of which was covered with synthetic
turf and with a refuge, similar to those of the housing
environment, positioned at one end. A trial started with
the introduction of the toad, by hand, at the other end.
Each trial lasted for 10 min and was video-recorded
(Handycam HDR-XR100; 30 FPS). We compared homing
times and locomotion modes (number of hops vs. walking).
We collected homing time data for 16 non-carrying males,
35 carrying males and eigth deserting males.

STATISTICS

All statistical analyses were run in R (v.3.5.0; R Core
Team, 2013) and R studio (v.1.2.5001). We examined
SVL differences between carrying and non-carrying
males using an ANOVA. We investigated the effects of
SVL and reproductive status (carrying/non-carrying)
on hopping response and on number of hops using
a general linear model (Glm) with respectively a
binomial and Poisson distribution. Two individuals had
an abnormally elevated number of hops and therefore
were not included in the analysis. We used a linear
mixed-effects model (with Gaussian distribution) to
evaluate the effects of SVL and reproductive status
on hop distances and SVL, reproductive status, and
trials on righting response. Individual identity was
set as a random factor. Similarly, we used generalized
linear mixed-effects models to test the effect of SVL,
reproductive status and trial on hindleg muscle
response (binomial function) and hindleg muscle
response time (logarithmic distribution). Finally, we
used a linear model and a Glm (Poisson distribution)
to explore effect of reproductive status and SVL
on homing time and number of hops in locomotion
during the homing time experiment (see Table 1 for a
summary). In all cases the effect of SVL was entered
first in the models and we considered the interaction
term between SVL and reproductive status to test for
allometric differences among groups. However, the
interaction was never significant and therefore we
only report main effects.

We tested the effects of relative clutch size (RCS)
and SVL on hop success and number of hops using
a Glm with respectively a binomial and Poisson
distribution. The effects of RCS and SVL on hop
distances and righting response were analysed using
linear mixed-effects models with Gaussian distribution
with individual identity sets as a random factor. We
used linear mixed-effects models with a logarithmic
distribution to investigate the effects of RCS, SVL
and trial on hindleg muscle response time with
individual identity sets as a random factor (see Table 2
for a summary). Finally, we used binomial logistic
regressions to test the influence of SVL and relative
clutch size on desertion probability. We examined the
influence of desertion on locomotor performance in
a separate set of analysis considering only response
variables that were influenced by egg-carrying. We
applied the same models (type and family) described
above to compare carrying and non-carrying males,
with the third reproductive status ‘deserting male’ and
with reproductive status as the only variable tested
(i.e. without SVL or trial effects). Tukey tests were
then used for post-hoc analysis. Values presented are
means =+ standard deviation (SD).
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Table 2. Statistical output of the models used to test for the influence of SVL, RCS and trial on locomotor performance in

carrying males

Response variable  Lm type — Family = Random Explanatory Estimate SE z/t value  P-value
effect variables
Hop response Glm - None (Intercept) -2.01 5.77 -0.35 0.73
(0/1) Binomial SVL 0.09 0.16 0.55 0.58
RCS 0.02 0.04 0.46 0.65
Number of hops Glm — None (Intercept) -2.24 0.86 -2.61 0.009
Poisson SVL 0.13 0.02 5.45 <0.0001
RCS 0.01 0.01 1.38 0.17
Hop distances Lmer — (1|Individual)  (Intercept) 13.99 11.90 1.18 0.25
Gaussian SVL -0.05 0.33 -0.14 0.89
RCS -0.26 0.08 -3.27 0.003
Righting response ~ Lmer — (1| Individual)  (Intercept) 0.34 0.33 1.05 0.30
(time) Gaussian SVL 0.01 9.28e-3 1.15 0.26
RCS 7.21e-3 2.56e-3  2.82 0.008
Trial 0.02 5.03e-3  4.46 <0.0001
Hindleg response Lmer — (1|Individual)  (Intercept) 2.01 2.37 0.85 0.40
(time) Logarithm SVL -0.04 0.07 -0.63 0.53
RCS 0.03 0.02 1.53 0.14
Trial -0.19 0.04 -5.05 <0.0001
SE, standard error; RCS, relative clutch size; SVL, snout to vent length.
RESULTS Righting response

MALE MORPHOLOGY AND CLUTCH SIZE

SVL was on average 35.01 = 2.74 mm with carrying and
non-carrying males having similar body size (ANOVA,
F g, =0.33, P =0.57). For carrying males, estimated
clutch size ranged from 12 to 72 eggs (32.43 + 12.66),
and estimated clutch size was significantly correlated
with SVL (Fig. 1, Lm, F = 18.97, R? = 0.25,
P <0.0001).

(1,54)

INFLUENCE OF REPRODUCTIVE STATUS ON
PERFORMANCE

Hopping performance

Carrying males hopped more frequently than non-
carrying males (76.3%, N = 29/38 vs. 37.5%, N = 6/16;
Table 1). Restricting the analysis to individuals that
responded at least once, we found that the total
number of hops recorded was higher in carrying-
males than in non-carrying males (9.61 + 6.44 vs.
4.60 + 4.83; Table 1). Body size positively influenced
the total number of hops independently of status
(Table 1). Hopping distance was shorter for carrying
males than for non-carrying males (12.53 + 5.16 cm vs.
20.67 + 6.68 cm; Fig. 2; Table 1) but was not correlated
with SVL. Within carrying males, relative clutch size
had a negative influence on hopping distance (Fig. 3;
Table 2), but not on responsiveness to stimulations or
on number of hops (Table 2).

Righting response was significantly influenced by
reproductive status and trials (Table 1). Carrying
males required more time to flip back than non-
carrying males (0.83 + 0.32 s vs. 0.64 = 0.23 s; Fig. 4;
Table 1). Righting response was longer across trials
(Table 1), independently of reproductive status. Within
reproductive males, relative clutch size positively
influenced righting response duration (Fig. 5; Table 2).

Hindleg muscle response to egg burden

Body size had a significant influence, with smaller
individual being more prone to keep their legs folded
(Table 1). Carrying males were less able to retain their
legs (0.27%) than non-carrying males (50.67%; Fig. 6;
Table 1). We found no influence of SVL, reproductive
status or relative clutch size on leg dropping time
(Tables 1 and 2) but males dropped faster as trials
progressed (Table 1).

Homing time

When placed in the arena, all individuals reach the refuge
in an average time 0f219.61 + 129.50 s. We found no effect
of SVL or status on homing time (Table 1). However,
carrying males used fewer hops to reach the refuge than
non-carrying males (1.06 + 2.63 vs. 2.40 + 3.36; Table 1).
Finally, larger individuals hopped less and relied more
on walking to reach the refuge (Table 1).
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Figure 2. Effect of reproductive status on hopping
distance. Boxes represent the intervals between the 25%
and 75% quartiles and the whiskers represent the ranges.
The middle horizontal line in each box plot represents the
median. Different letters indicate significant differences
between groups.

CLUTCH DESERTION

Determinant of desertion

Fourteen individuals (12.77 %) abandoned their clutch
during our study. Deserting males were significantly
smaller than non-deserting males (33.64 + 3.27 mm vs.
35.54 + 2.54 mm, ANOVA, F, ;= 5.36, P = 0.023) and
SVL negatively influenced the probability of desertion
(logistic regression, x? = 5.21, N = 63, P = 0.02,
p + SE = -0.26 + 0.12). Relative clutch size was higher
in deserting males than in non-deserting males
(7.20 £ 13.99 vs. -1.76 + 9.37, ANOVA, F  , = 6.59,
P = 0.013) and positively influenced the probability
of desertion (logistic regression, x? = 6.03, N = 56,
p=0.01,3 + SE = +0.08 = 0.03).

Influence on performance

Hopping probability of deserting males did not differ
significantly from carrying or non-carrying males
(75.00%, N = 6/8; all Tukey’s tests > 0.21). Deserting
males performed a lower number of hops than carrying
and non-carrying males (5.33 + 3.08 cm; Tukey’s tests,
carrying males — deserting males: P < 0.001, non-
carrying males — deserting males: P < 0.001). Their
hopping distance did not differ from non-carrying males
(Tukey’s test, P = 0.99) and was therefore higher than
hopping distances of carrying males (20.71 + 5.21 cm;
Fig. 2; Tukey’s test, P < 0.001). Righting response
times of deserting males were similar to those of both
non-carrying males (0.70 = 0.31 s; Fig. 4; Tukey’s

301

%)
[=]
L

Hop distance (cm)

=
(=]
n

-10 0 10 20
Relative clutch size

Figure 3. Influence of relative clutch size on hopping
distance. Relative clutch size was determined from the
residuals of the linear regression between estimated
clutch size against SVL (see text for details). The line
represents the fitted linear regression and the grey area
the 95% confidence interval. Closed circles represent mean
individual values and the whiskers the standard deviations.

test, P = 0.77) and carrying males (Tukey’s test,
P = 0.10). Deserting males did not differ from non-
carrying males in their ability to maintain their hind
legs folded (Tukey’s test, P = 0.61) but retained their
legs more often than carrying males (36.25%; Fig. 6;
Tukey’s test, P < 0.001). Finally, in deserting males,
the number of hops to reach the refuge (4.29 + 4.35)
was similar to non-carrying males (Tukey’s test,
P =0.049) and therefore higher than carrying males
(Tukey’s test, P < 0.001).

DISCUSSION

The costs of PC have been widely studied but remain
largely overlooked in species with reversed sex roles
(Eens & Pinxten, 2000). We examined the influence of
egg-carrying on locomotion and behaviour in an anuran
with exclusive MPC. In support of our predictions, we
found that carrying males exhibited altered locomotor
performance and that this comparatively poor
performance was linked to their reproductive burden
(relative clutch size). We also addressed the determinant
of clutch desertion. We discuss our results below.

LOCOMOTOR COSTS OF EGG-CARRYING

Reproductive status had a major impact on locomotor
performance. We found that carrying males had a
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Figure 5. Influence of relative clutch size on righting
response. The line represents the fitted linear regression
and the grey area the 95% confidence interval. Closed
circles represent mean individual values and the whiskers
the standard deviations.

higher probability of hopping, had shorter hopping
distance, needed more time for righting response
and were unable to maintain hind leg muscular
contraction. Carrying males mainly walked for
homing and were more responsive to stimulations
across trials. Overall, all the locomotor traits we

100

751

50 1

251

Proportions of leg dropping (%)

Non—carryling males Carryln‘lg males Dasenir;g males
Figure 6. Effect of reproductive status on hindleg muscle
response (proportion of leg dropping). Bars represent the
proportions for each category. Different letters indicate
significant differences between groups.

studied were negatively influenced by relative clutch
size. Locomotor performance directly affects crucial
ecological traits, such as foraging efficiency and anti-
predation behaviour (Webb, 1986). For instance, it has
been shown in arthropods that egg-carrying decreases
mobility, decreases food intake and increases predator
attacks (Burris, 2011; Ruhland et al., 2016). Therefore
altered locomotor performance, as reported in this
study, may well have significant fitness implications
(Webb, 1986; Burris, 2011; Munguia-Steyer et al.,
2019). Our findings are similar to the locomotor costs
demonstrated in females in numerous other taxa
(Ruhland et al., 2016). Therefore, despite reduced
prezygotic investment, MPC is likely to induce
constraints similar to those typically observed when
female parental care occurs (Ruhland et al., 2016;
Williams et al., 2016; Sawecki et al., 2019).

The contrasted response to stimulations between
carrying and non-carrying males (e.g. hopping vs.
immobility) could also indicate a shift in anti-predation
strategies (van Bergen & Beldade, 2019). Indeed,
carrying males may be more susceptible to predation
than non-carrying males for two complementary
reasons. First, as highlighted above, the locomotor
performance of carrying males was strongly hindered
by the presence of eggs. Carrying males may benefit
from early flight response to enhance their survival
(Dominguez-Lépez et al., 2018). In addition, the
presence of large egg masses visible from above is
likely to make carrying males more conspicuous to an
approaching predator. As a consequence, carrying males
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are expected to rely less on crypsis (as observed in non-
carrying males; Polo-Cavia et al., 2016). Such a shift in
anti-predation strategy would suggest the existence of
trade-offs between egg-carrying and survival costs. As
a consequence, these modified behavioural responses
in carrying males may alleviate potential risks and
limit survival costs linked to MPC and its associated
reproductive burden (Requena et al., 2012).

CLUTCH SIZE-DEPENDENCE OF LOCOMOTOR COSTS

According to life history theory, clutch size is a central
parameter to consider when addressing potential
costs of reproduction (Stearns, 1992). Such costs
can be clutch size-independent or tightly related to
reproductive effort (Ladyman et al., 2003; Foucart et al.,
2018). Addressing clutch size-dependence is essential
because the proximate nature of the relationship
should drive evolutionary trade-offs and adaptations
(Ratikainen et al., 2018). We found that larger males
tended to carry larger clutches, reflecting assortative
mating and/or female choice (Marquez, 1993; Boll &
Linsenmair, 1998). When factoring out this allometric
relationship and considering relative clutch size, we
found that reproductive burden negatively influenced
hopping distance and righting response time. While
males may derive direct fitness benefits from carrying
larger clutches relative to their size (e.g. producing
comparatively more offspring), potential impacts on
locomotion may influence their reproductive decision
and mate selection. Interestingly, other parameters
such as response to stimulations and number of hops
were more tightly related to reproductive status than
clutch size. Therefore, egg-carrying may induce both
clutch size-dependent and independent constraints.

DETERMINANT OF CLUTCH DESERTION

Parental desertion is frequently observed in species
with MPC, often reflecting a trade-off between current
and future reproductive effort (Delia et al., 2013, 2014;
Consolmagno et al., 2016; Chuang et al., 2017). We
found that deserting males were smaller and carried
relatively larger clutches. Previous studies in nest-
guarding amphibians have demonstrated that clutch
abandonment is more likely when environmental
constraints are high (Consolmagno et al., 2016) and
reproductive benefits (number of eggs) are low (Chuang
et al., 2017). However, egg attendance is a flexible
behaviour and clutch desertion is often temporary
(Chen et al., 2007; Delia et al., 2013; Consolmagno
et al., 2016). Herein, the type of care (egg-carrying)
imposes very different proximate constraints for the
male and clutch abandonment is permanent, resulting
in entire clutch mortality. This relationship between
desertion risk and reproductive burden suggests a

causal link with locomotor impairment. Importantly,
clutch desertion occurs in the wild (e.g. four abandoned
clutches were found on the study site during the study
period). Desertion may relate to inexperienced (i.e.
smaller, as age and body size are generally positively
correlated in amphibians; Halliday & Verrell, 1988) or
exhausted individuals (i.e. carrying a heavy clutch).
Deserting toads showed similar performance to non-
carrying males regarding hopping distance, righting
response duration, hindleg muscle response to egg
burden and homing time. Therefore, the costs we
detected here are more likely to be due to physical
restriction of the legs by the clutch mass (e.g. hindering
effect) than physiological costs of MPC.

ECOLOGICAL AND EVOLUTIONARY IMPLICATIONS

PC often induces significant energy constraints
by limiting movements or because reproductive
activities conflict with feeding (Lourdais et al.,
2002). However, in many taxa, foraging activities are
critical for survival and must be maintained during
reproduction (Marconato et al., 1993). This is the case
in the common midwife toad which continues feeding
while carrying eggs (our personal observations). Egg-
carrying probably induces additional costs of transport
in relation to feeding activities. Potential costs will also
depend on the quality of the microhabitat and climatic
conditions. Indeed, beside food intake, males may also
provide direct hydric care to their eggs by immersion
in water during drier nights (Boulenger, 1897). Such
active PC probably increases mobility (if the water
body is relatively far from the diurnal refuge) and
could add significant energy and/or survival costs.
Further studies are required to address the potential
costs of feeding and hydric care during reproduction in
this species.

The evolution of PC is based on proximate trade-
offs between possible energy/survival costs and fitness
benefits. Sex role reversal also has major implications
with regard to this relationship. MPC can be beneficial
for females, which are thus freed from egg care and
have more opportunities to accumulate reserves to
fuel future reproductive episodes (Westneat & Fox,
2010). This is typically the case for midwife toads,
for which the reproductive season is prolonged in
the study area (from late March to late September)
and includes multiple reproductive episodes for both
females and males. Such a situation probably offers
the opportunity for females to lay more than one clutch
during a breeding season (Tallamy & Brown, 1999).
In addition, males can both carry different clutches
at the same time (Marquez, 1993, 1996) and multiple
sequential clutches across the breeding season. In
contrast to many other temperate amphibian species
that mate communally in aquatic environments
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during a restricted time period (Wells, 1977; Heyer
et al., 2014), mating probabilities of midwife toads
are linked to spatial and temporal variations of mate
availability in the terrestrial microhabitats selected
by individuals (Marquez, 1990). In this context, MPC
may secure mating opportunities if female presence
and reproductive status are hard to predict. As a
consequence, the ability of a male to sustain repeated
periods of MPC during the prolonged reproductive
season is likely to be strongly linked to its physical
condition.

CONCLUSION

Terrestrial reproduction in amphibians has been
intensively studied (Lion et al.,2019;Vagiet al.,2019)
and the midwife toad constitutes a valuable model for
studying the determinants of exclusive MPC in this
context. We have highlighted clear proximate trade-
offs between locomotor performance and relative
clutch size, underlining that egg-carrying alters male
performance. Such costs are likely to shape (1) the
level of male commitment and (2) female mate choice
depending on individual quality. This reproductive
strategy (egg-carrying) is unique in the Palearctic
region and observed in all members of the genus
Alytes covering rather constraining climates (dry and
warm to cold) from Western Europe to North Africa.
Important evolutionary benefits are likely to exist to
overcome potential costs. For instance, male midwife
toads actively collect the eggs from the female and
fertilize them on land, which provides a robust way
to secure paternity for the males (Westneat & Fox,
2010). Predation risks and competition are major
drivers of reproductive strategies in amphibians
and MPC might have emerged to improve the
survival of offspring by extracting the eggs from the
breeding ponds (Marquez, 1990; Pearman, 1995).
Recent work suggests that males actively select
their microhabitats based on the thermal and hydric
properties of the microhabitats (Lange et al., 2020).
Further studies are required to explore the fitness
benefits of exclusive MPC and to better understand
the determinants of male egg-carrying in this group.
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