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A maladaptive parental effect: offspring survival
decreases with maternal over-condition in an amphibian
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Parental effects are often considered an evolved response, in which parents transmit information about the
environment to enhance offspring fitness. However, these effects need not be adaptive. Here, we provide a striking
example by presenting evidence that overfeeding of adult Mexican spadefoot toads, Spea multiplicata, is associated
with decreased offspring survival. After a temporary change to their standard feeding regimen, S. multiplicata in
our captive colony developed a much higher body condition (i.e. body mass for a given body length) than those in the
wild. We analysed data from three subsequent experiments and found that although the body condition of a father
was positively correlated with tadpole survival, mothers with a higher condition had lower tadpole survival. Our
study highlights how obesity can negatively impact future generations via maladaptive maternal effects. Such effects
could be especially likely for animals living in variable environments (such as spadefoots) that have evolved ‘thrifty
phenotypes’ that make them prone to obesity. Our study also illustrates how husbandry conditions typically regarded
as beneficial might be harmful. Given that captive breeding programmes are increasingly used to combat worldwide
amphibian declines, these programmes must consider the ecology and evolutionary history of the focal species to
minimize any maladaptive parental effects.

ADDITIONAL KEYWORDS: amphibians — captive breeding — obesity — parental effects — thrifty phenotype
hypothesis.

INTRODUCTION Densmore & Green, 2007; Ferrie et al., 2014; Pessier,
2014; Passos et al., 2018). Common failures of captive
breeding programmes include an inability to initiate
reproductive behaviour, low fecundity rates and low
offspring survival (Browne & Zippel, 2007; Kouba &
Vance, 2009; Silla et al., 2021).

Breeding success depends not only on the treatment
of offspring, but also on the health and physiological
state of their parents. Adult body condition, or
energy reserves in the body (Peig & Green, 2009),
can influence offspring phenotypes through parental
effects (e.g. Bennett & Murray, 2014). For example,
in many amphibians, maternal effects arise when

At least 40% of amphibian species are threatened with
extinction (e.g. Cox et al., 2022). One approach for
saving amphibians involves captive breeding. When
coupled with the eventual reintroduction of laboratory-
bred animals into natural habitats, captive breeding
could prove an important conservation strategy
(Rahbek, 1993; Gascon et al., 2007; Ananjeva et al.,
2015). However, many challenges with amphibian
captive breeding remain, including the management
of nutrition, disease and reproductive success (e.g.
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Because of this link between maternal body condition,
egg size and offspring traits, females in better condition
are generally assumed to produce more and higher-
quality offspring (Salthe & Duellman, 1973; Kaplan
& Salthe, 1979; Kaplan, 1987; Kaplan & King, 1997,
Okamiya et al., 2021). Indeed, in many species (not
only amphibians), bigger females can produce higher-
quality offspring (Steiger, 2013). Likewise, paternal
body condition is often associated with offspring
success. For example, male body size or condition can
be positively associated with higher offspring fitness
as measured by longer life expectancy, increased
growth rate or better competitive ability (i.e. a ‘good
genes’ effect; reviewed by Rosenthal, 2017; e.g. Welch
et al., 1998; Pfennig, 2008; Kelly et al., 2019, 2021).

Given the threatened status of amphibians and
the aforementioned evidence that high parental body
condition increases offspring success, it makes sense to
boost the body condition of breeding adults in captive
colonies (e.g. Jayson et al., 2018). Yet, such a strategy
might become detrimental when feeding adults
beyond the natural levels for which a given species or
population has evolved. An extreme mass for a given
size could imply a disease like obesity rather than good
body condition (Peig & Green, 2009). Indeed, captive
amphibians are often obese owing to calorie excess and
inactivity (McWilliams, 2008). Therefore, increasingly
higher parental condition or mass for body size might
not always increase fitness. For instance, amphibians
exposed to high levels of dietary fat for a prolonged
period could develop corneal lipidosis, which would
interfere with hunting prey (Shilton et al., 2001; Keller
& Shilton, 2002; McWilliams, 2008).

Recent observations in our captive colony of Mexican
spadefoot toads, Spea multiplicata, suggest that the
‘bigger is better’ strategy is potentially problematic.
In particular, several breeding events for various
laboratory experiments yielded low tadpole survival
compared with previous laboratory breeding events,
despite troubleshooting the conditions in which
tadpoles were reared. Across these failed breeding
events,we noted that the adults bred in our experiments
had higher mass for body size than those used
previously. Indeed, the adults appeared obese relative
to previously bred toads and those in the wild. Adult
and tadpole husbandry protocols, used successfully
for > 15 years, had not changed substantially except
for the frequency and amount of adult feeding, which
had increased. We therefore suspected a previously
underappreciated parental effect in amphibians: adult
obesity might have contributed to reduced offspring
fitness. We treated the change in adult mass for body
size (i.e. the mass of an individual relative to its body
length) as an unplanned experiment to evaluate the
effects of parental mass for body size on offspring
survival.

Here, we provide evidence that in S. multiplicata,
parental mass for body size predicted tadpole survival
in a counter-intuitive manner: as female mass for body
size increased, the survival of their tadpoles decreased.
Our study is noteworthy because few studies discuss
the ramifications of overly high mass for body size
in amphibians and how it might negatively impact
reproduction. Such a pattern could be especially
likely to arise in species and populations (such as
spadefoots) with natural and evolutionary histories
that make them prone to obesity. Our data suggest the
need for further research on the subject, including the
mechanistic basis of such maladaptive parental effects.
Understanding different risk factors for the health
and reproduction of captive animals, including the
ecology and evolutionary history of the focal species, is
essential for the improvement and ultimate success of
captive breeding programmes.

MATERIAL AND METHODS

DATA SOURCES

We have bred wild-caught spadefoot toads successfully
in our laboratory at University of North Carolina,
Chapel Hill for > 15 years (e.g. Pfennig & Rice, 2007;
Pfennig et al., 2007; Ledon-Rettig et al., 2008; Pfennig
& Martin, 2009; Levis et al., 2015, 2017b; Kelly et
al., 2019; Seidl et al., 2019; Chen & Pfennig, 2020).
However, beginning in 2019 and following a colony-
wide increase in adult feeding, we noted unusually
high levels of tadpole mortality from planned breeding
events. To investigate this pattern, we compiled data
opportunistically on parent mass for body size and
offspring survival from three experiments conducted
in 2019, 2020 and 2021 for other purposes.

We collected all adult spadefoot toads from natural
populations near Portal (Arizona [AZ], USA) and
maintained them in our laboratory at the University
of North Carolina, Chapel Hill. One to three animals
were kept in 37 cm x 22 cm x 24.5 cm inch Kritter
Keeper boxes filled halfway with moist play sand.
The boxes were kept on racks in rooms with a 14 h
light-10 h dark cycle and kept in a temperature range
of 23.9-26.7 °C and air humidity range of 30-85%
(although substrate was always moist). Every other
week, spadefoots foraging on the surface were fed
approximately two crickets dusted with Rep-Cal
herptivite multivitamins and calcium powder with
vitamin D,. On alternate weeks, all spadefoots were
dug up and fed approximately four crickets. Crickets
were maintained on Fluker’s orange cube diet and
‘gut-loaded’ with Fluker’s high calcium diet. We also
dusted the crickets with nutrient powder to increase
their content of protein, fat, fibre, calcium, phosphorus
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and other vitamins. These general protocols have been
used successfully to maintain S. multiplicata from
these populations near Portal, AZ, in addition to other
spadefoot toad species, for > 15 years. However, before
2019, adults were given approximately one or two
crickets per feeding. The increased numbers of crickets
as above were implemented by university animal care
staff attempting to increase mass for body size according
to the visual score described for the mountain chicken
frog, Leptodactylus fallax (Jayson et al., 2018), which
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is in a different family (Leptodactylidae) from that of
spadefoots (family Scaphiopodidae). Under this feeding
regimen, the mean mass for body size of S. multiplicata
in our colony increased substantially (Fig. 1).

For each breeding, we paired females with males
from the same or nearby populations. We induced
breeding by injecting each adult with 0.07 mL 0of 0.1 mM
luteinizing hormone-releasing hormone, placing each
pair of adults in a 20 L tank filled with dechlorinated
tap water, and leaving them undisturbed overnight.

Figure 1. Mass for body size [measured as scaled mass index (SMI)] of Spea multiplicata in the laboratory colony before the
increase in feeding and during the period of overfeeding, and for adults from the same populations in the wild. Each point
represents an individual spadefoot measured, and the box and whisker plots show the quartiles of each group. Different
letters at the top denote statistically distinct groups. Photographs illustrate the appearance of individuals falling within a

shaded scaled mass index range.
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We returned adults to the colony in the morning and
aerated clutches (Spea produce ~1000 eggs) until they
hatched ~48 h later. We tested the source water daily
and adjusted the pH to 7 if needed using Proper pH
7.0. Although S. multiplicata are tolerant of ammonia
levels of >5 mg/L in nature (Sandoz et al., 2017), we
spot checked pH, nitrate, nitrite and ammonia in
individual boxes throughout the experiments and
performed partial water changes at least every other
day or if water became cloudy. Upon completing the
three experiments described below, we euthanized
tadpoles or metamorphs via submersion in tricaine
methanesulfonate (MS-222). All of these procedures
(conducted under TACUC protocols 20-216.0 and
20-036.0) were similar to those used previously to
breed spadefoot toads successfully (e.g. Pfennig & Rice,
2007; Pfennig et al., 2007; Ledon-Rettig et al., 2008;
Pfennig & Martin, 2009; Levis et al., 2015, 2017b; Kelly
et al., 2019; Seidl et al., 2019; Chen & Pfennig, 2020).

SPECIFICS OF THE BREEDING EVENTS

For the 2019 experiment, we bred 30 male S.
multiplicata that had been collected the previous
summer with females from the same population
(the females had been maintained in captivity for
< 3 years). From each of the 20 largest clutches, we
removed and isolated 24 or 25 eggs in plastic Solo
cups containing 300 mL of dechlorinated tap water.
We fed the resulting tadpoles equal amounts of fish
food and live-cultured brine shrimp until they reached
metamorphosis, ending the experiment after 7 weeks.
Data obtained from this experiment included parental
mass for body size and collection year, and the time to
death for each tadpole that died spontaneously.

For the 2020 experiment, we used data from 28
pairs of S. multiplicata, all of which had been held in
captivity for 1- 4 years. Of the 28 pairs, 27 produced
eggs and 25 produced hatchlings. When their tadpoles
reached the free-swimming stage, we raised < 40
tadpoles per family singly in 111 mm x 111 mm x 115
mm boxes filled with 900 mL of dechlorinated tap
water. We fed tadpoles fish food ad libitum for 14 days.
Data obtained from this experiment included parental
mass for body size and collection year, and whether
each singly raised tadpole survived for 14 days.

The 2021 experiment evaluated whether dosing
the mothers with vitamin A would improve tadpole
survival rates. We chose 30 S. multiplicata females to
assign haphazardly to two groups containing females
of various mass for body size and collection years
(83—12 years in captivity). We fed the control group
(N = 15) their typical diet, which is likely to contain
undetectable levels of vitamin A (Finke, 2015), and
fed the vitamin A treatment group (INV = 15) a dose of
crickets dusted with Repashy vitamin A supplement

weekly for 4 weeks. We then bred the females with
males (2—-10 years in captivity) from the same or
nearby populations. Of the 30 pairs, 26 produced eggs
and, of these, 20 produced hatchlings. We counted the
proportion of eggs that hatched by photographing each
family before and after hatching. When hatchlings
reached the free-swimming stage (1 day post-
hatching), we gently divided the clutches into groups
of 30-40 hatchling tadpoles per litre (families were
housed separately). These groups were then placed in
375 mm x 257 mm x 143 mm boxes filled with 8.5 L of
dechlorinated tap water. We fed tadpoles ad libitum
fish food and, starting at 5 days post-hatching, live-
cultured brine shrimp. We removed dead tadpoles
and conducted partial water changes daily. To track
survival, we photographed every container of tadpoles
daily for 14 days. Data obtained from this experiment
included the parental mass for body size and collection
year, and daily counts of the number of living tadpoles
in each family. All data are available in the Supporting
Information (Tables S1, S2).

EVALUATION OF MASS FOR BODY SIZE

To calculate mass for body size, we used Peig & Green’s
(2009) scaled mass index because it is a reliable, non-
destructive method that outperforms other condition
indices and performs well for the tested amphibians
(Peig & Green, 2009, 2010; MacCracken & Stebbings,
2012). We calculated the mass for body size for each
adult as: M; = M;(Ly/L; )bSMA, where M, and L, are the
body mass and the snout-vent length of individual i,
respectively; by, is the scaling exponent estimated by
the standardized major axis (SMA) regression of In(M)
on In(L); L, is the arithmetic mean value of L; and M;
is the predicted body mass for individual i when the
linear body measure is standardized to L, (as done by
Chen & Pfennig, 2020; Kelly et al., 2021). We compiled
a reference dataset to compute common values of L
and b, ,, containing 418 mass and snout-vent length
measurements of S. multiplicata taken in the wild
between 1998 and 2019 (Supporting Information Table
S3). Note that our measures of scaled mass index from
the field were likely to be biased towards higher values,
because we collected only adults that appeared healthy
and in good condition. Therefore, these measurements
represent a range of natural mass for body size for
healthy S. multiplicata from populations near Portal,
AZ, USA.

We first evaluated whether the scaled mass index
of adults in our colony increased with the feeding
regimen and was (as we suspected) higher than that
of adults in the wild. To do so, we compared the scaled
mass index measures for: S. multiplicata males and
females used in the three experiments that had
all been measured at the time of the experiment; S.

© 2023 The Linnean Society of London, Biological Journal of the Linnean Society, 2023, XX, 1-11

€202 4990120 2z U0 1s9nB Aq G9G1E€Z//860PEIG/UBSUIIOIG/EE0 L 0 L/I0P/3[0IE-80UBADE/UBSUUIIOIG/WOD"dNO"DIWSPESE//:SA)Y WOlj papeojumoq


http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blad098#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blad098#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blad098#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blad098#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blad098#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blad098#supplementary-data

A MALADAPTIVE PARENTAL EFFECT 5

multiplicata females residing in our colony that had
been measured the year before the change in feeding
(Supporting Information Table S4); and field-collected
S. multiplicata males and females from the same
populations that were measured at time of collection.
The data were normally distributed but unbalanced;
therefore, we performed a type IIT ANOVA test followed
by Tukey’s honestly significant difference (HSD) post
hoc test to compare the scaled mass index of male and
female S. multiplicata in captivity with each other and
with those in the wild, using the ‘car’ package in R.

We also examined the effects of how long parents
had been in captivity. We did so because the adults bred
between 2019 and 2022 had been in captivity longer
than those typically used for our experiments (because
of our inability to replenish our laboratory colony with
new animals owing to drought at our field sites and
travel limitations during the coronavirus disease 2019
pandemic). We hypothesized that mass for body size
increases with time in captivity. We therefore used a
linear mixed-effects model to assess the relationship
between mass for body size and years in captivity by
sex, with collection year and population as random
intercepts, using the lme4’ and ‘ImerTest’ packages
in R. This model was overfitted for males; therefore,
males were analysed by linear regression without
random effects. We confirmed that the data met model
assumptions, including normality of residuals, via a
Shapiro—Wilk test.

SURVIVAL ANALYSIS

We used IMAGEJ to count the number of eggs,
hatchlings and tadpoles from each photograph taken
during the 2021 experiment. Daily counts from the
2021 experiment were used to record the status (alive
or dead) of each tadpole at 14 days and its date of
death, if applicable. Given that our short-term vitamin
A supplementation of mothers had no impact on
tadpole survival (P = 0.660), we combined the 2019
and 2021 datasets. We thereby compiled a dataset of
individual survival/time of spontaneous death events
over 14 days for 18 714 tadpoles across 45 clutches. To
evaluate the relationship between offspring survival,
on the one hand, and maternal and paternal mass for
body size and time in captivity, on the other hand, we
performed survival analyses using Cox mixed-effects
models fitted by maximum likelihood using the ‘coxme’
package in R. We set the maternal and paternal mass
for body size and number of years in captivity as fixed
effects and the family identity nested within the source
experiment as random intercepts.

Separately, we evaluated the relationship between
offspring survival and parental factors using data
from the 2020 experiment. From data listing the
number of tadpoles that survived throughout the 14

day duration of the experiment, we created a dataset
listing survival/death for each tadpole. We then
performed a logistic regression in a generalized linear
mixed-effects model, which does not require normally
distributed errors of the response variables, using the
‘lme4’ package in R. We set tadpole survival/death as
the response, maternal and paternal mass for body
size and years in captivity as fixed effects, and family
as a random effect. We added a quadratic term to the
model to test for linearity of the relationships and
determine whether it improved the model according
to an F test. The quadratic term was not significant
for any variable. We checked for collinearity between
variables, revealing low collinearity for all variables
(variance inflation factor < 1.5) and used Wald 2 tests
for inference using the ‘car’ package in R (R Core Team,
2018).

RESULTS

Before the change in feeding, mass for body size
(measured as the scaled mass index) was similar
between animals in the colony and the wild (P = 0.992;
Fig. 1). As expected, after the new feeding regimen
began, the mass for body size of male and female S.
maultiplicata in our colony was higher than that of their
wild counterparts (F, ., = 23.257, P << 0.001). The
sexes did not vary in mass for body size in captivity
(P =0.177) or in the wild (P = 0.982). We also found a
positive correlation between mass for body size and
time in captivity for males (R* = 0.0858, F, ;. = 9.07,
P =0.00342) but not for females (Kenward—Roger
F-test; R? = 0.0592, F ,, = 2.391, P = 0.140; Fig. 2).

For the combined 2019 and 2021 datasets, parental
mass for body size and maternal years in captivity
predicted offspring survival. Specifically, for every
one unit increase in paternal mass for body size, the
risk of tadpole death decreased by 22.68% (Z = -2.23,
P =0.026). In contrast, for every one unit increase
in maternal mass for body size, the risk of tadpole
death increased by 31.58% (Z = 2.20, P = 0.028).
Furthermore, for each additional maternal year
in captivity, the risk of tadpole death increased by
28.22% (Z = 2.15, P = 0.032). In contrast, paternal time
in captivity did not impact offspring mortality risk
(Z =1.16, P = 0.250), although it should be noted that
all males used in the 2019 experiment were captured
in the same year (albeit ages at the time of capture are
unknown).

Data from the 2020 experiment also showed that
maternal mass for body size impacted offspring
survival. Specifically, tadpoles of mothers with higher
mass for body size were again less likely to survive
(x?,=7.101, P = 0.00771); paternal mass for body
size, in contrast, did not impact tadpole survival
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(%, = 0.693, P = 0.405; Fig. 3A). For this dataset, there
was no evidence of a relationship between maternal
years in captivity and offspring survival (3, = 0.861,
P =0.353), but offspring with fathers that had been
in captivity longer were more likely to survive (y? =
10.139, P = 0.00145; Fig. 3B).

DISCUSSION

Beginning in 2019, after a change in feeding regimen
that significantly increased toad mass for body size,
we observed low survival of tadpoles from captive
breeding attempts of S. multiplicata. Throughout
> 15 years of working with S. multiplicata, in both
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naturally and hormonally induced breeding, we
typically observed low tadpole mortality in the
first few days and, subsequently, high survival of
older tadpoles used in experiments. However, in the
breeding events described here, we observed massive
mortality of captive-bred tadpoles in the first few days,
followed by only ~25% survival of tadpoles. Notably,
once collections resumed in 2022, we performed a
laboratory-based breeding using animals collected
from the field only a few weeks earlier. The mass for
body size of these adults was consistent with those
in the wild, and there was no noticeable mortality in
tadpoles. This suggests that parental effects from the
temporary new diet regimen for the captive adults,
rather than breeding or tadpole husbandry protocols,
were responsible for tadpole mortality.

We found that, on average, the adults used in the
2019-2021 captive breeding attempts had substantially
higher mass for body size than their wild counterparts,
and this high mass for body size was associated
with the new feeding regimen (Fig. 1). Our data also
indicated that enhanced maternal mass for body size
(along with time in captivity) could explain the low
survival of tadpoles in captive breeding attempts.
Specifically, higher maternal scaled mass index and
increasing years in captivity were both associated with
decreased offspring survival. In other taxa, maternal
diet and obesity can impact the survival of offspring
or their risk of obesity (Rivera et al., 2015; Smoothy et
al., 2019).

One could argue that we are simply comparing
offspring survival of individuals that vary in the
extent to which they are obese after overfeeding. As
such, we are potentially unable to disentangle the
effects of overfeeding (which can alter other aspects
of nutrition or the microbiome) vs. excessive mass
for body size (obesity). Given that no noteworthy
tadpole mortality was observed before the period
of overfeeding, we cannot contrast tadpole survival
before and during the period of overfeeding to
include overfeeding as a factor separate from scaled
mass index in our models of tadpole survival. Despite
this constraint, our data suggest that excessive
maternal mass for body size per se contributes to
reduced offspring survival. Our statistical models
consistently found that as maternal scaled mass
index (a continuous measure) increased, so too did
offspring mortality. Presumably, if mass for body
size were confounded with other factors associated
with overfeeding, we might not have found this
predictive relationship. Moreover, offspring survival
of mothers with a scaled mass index beyond what
was seen in nature (i.e. adults that appeared ‘obese’)
had substantially fewer tadpoles survive in the
above experiments (5.4% of 18 964 tadpoles from
51 females) than mothers with a scaled mass index

within the natural range that had been overfed in
a similar manner (49.0% of 529 tadpoles from 14
females). Thus, although we cannot state definitively
what constitutes an ‘obese’ spadefoot, nor can we
disentangle the effects of overfeeding from obesity
per se, our data strongly suggest that excessive
maternal mass for body size can reduce offspring
survival.

There is less support for an impact of paternal
mass for body size on tadpole survival. Our 2019/2021
survival analysis showed that higher paternal scaled
mass index was associated with increased offspring
survival, which aligns with the potential for higher-
condition fathers to produce better-quality offspring
(possibly via a ‘good genes’ effect; Rosenthal, 2017). In
our system, S. multiplicata males of higher condition
are preferred by females and produce more fit offspring
(Pfennig, 2000, 2008; Pfennig & Pfennig, 2005; Pfennig
& Rice, 2014; Kelly et al., 2019, 2021). However, this
relationship was not significant in the 2020 dataset.
Furthermore, because paternal mass for body size
was positively correlated with time in captivity, we
are unable to parse apart the relationship between
paternal mass for body size, age (the age of individuals
upon collection is unknown) and other effects of
captivity on the survival of tadpoles.

Our study highlights the need to consider ecological
and evolutionary history when captive-rearing species,
especially those, such as spadefoots, that live in ‘feast
or famine’ environments and might be especially prone
to developing obesity (Sniderman et al., 2007; Wells,
2007; Genné-Bacon, 2014; Williams & Periasamy,
2020). The way in which animals use nutrition is likely
to be impacted by the environmental conditions in
which they have evolved (Gilbert & Epel, 2015; West-
Eberhard, 2019). Our study species, S. multiplicata,
has evolved in a highly unpredictable nutritional
environment, where adults spend much of the year
aestivating underground, emerging aboveground for
only a few weeks each year to breed and feed after
sporadic summer rains. Spadefoots have therefore
evolved a metabolism to conserve energy and store
fat (Dimmitt & Ruibal, 1980). When they experience
an energy-rich environment, their energy-efficient
metabolism is primed to store the abundant food as
fat, and in captivity, an overabundance of resources
could increase their likelihood of obesity because of a
formerly adaptive mechanism. This ‘thrifty phenotype
hypothesis’ (Hales & Barker, 1992, 2001) can thereby
explain how phenotypic plasticity in metabolism might
place these and similar species (or populations) at
particular risk for obesity and obesity-related diseases.

This work also emphasizes that parental effects
need not be adaptive. Just as maladaptive mutations
can be inherited, effects of maladaptive environments
can also be passed down to offspring (reviewed by
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Bonduriansky, 2021). The maternal effect observed
in our study is a particularly drastic example of a
maladaptive parental effect, in which the overfeeding
of mothers resulted in offspring being grossly incapable
of surviving through larval development.

Ironically, previous studies of these same S.
multiplicata populations revealed that a condition-
dependent maternal effect (in a much reduced form)
could be adaptive. In particular, previous studies
showed that maternal body condition influences
the expression of phenotypic plasticity among their
tadpoles. Spea tadpoles normally develop into an
omnivore morph that feeds mostly on detritus.
However, if they are exposed to live prey early in life,
they can develop into a distinctive carnivore morph,
which specializes on eating fairy shrimp and other
tadpoles (Pfennig, 1990, 1992; Levis et al., 2015,
2017a; Harmon et al., 2023). As it turns out, higher-
condition females are more likely to produce this
novel carnivore phenotype (Pfennig & Martin, 2009;
Martin & Pfennig, 2010). Moreover, this maternal
effect appears to mediate adaptive divergence between
species (specifically, character displacement), in which
S. multiplicata and Spea bombifrons diverge in morph
production, hence in resource use (Pfennig & Martin,
2009, 2010). The finding that maternal over-condition
is maladaptive is not surprising, given that our captive
females had body conditions well beyond what is
observed in the wild (Fig. 1). What is unclear, however,
is whether over-conditioning creates an entirely new
form of maternal effect that decreases tadpole survival
or whether over-conditioning drives the pre-existing
maternal effect on tadpole morphological development
into a pathological state. Clarifying this issue is
important because maternal effects are increasingly
seen as an important source of phenotypic variation
and as being vital to many ecological and evolutionary
processes (Moore et al., 2019).

We do not know the underlying mechanisms of
the observed parental effects in spadefoot toads.
However, our findings that maternal and paternal
effects on tadpole survival differ suggest that the two
effects are likely to operate by different mechanisms,
which deserve further investigation. One possible
mechanism by which parental effects are passed to
offspring includes epigenetic marks in the germline
(e.g. methylation). For instance, transgenerational
effects of a maternal high-fat diet in mice appear to
be carried by epigenetic marks transferred in the
germline, affecting the function of myriad biological
processes (e.g. Ng et al., 2010; Dunn & Bale, 2011;
Kamimae-Lanning et al., 2015).

Furthermore, it is possible that increased scaled
mass index is only one of several side-effects of
overfeeding that affect offspring survival deleteriously.
Indeed, in our study, individuals that fell within the

natural range of scaled mass index still had heightened
mortality. Although we performed troubleshooting
of tadpole water sources, densities and diet and
replaced any equipment that came into contact with
tadpoles or their water, these actions did not mitigate
tadpole mortality. Thus, other effects of overfeeding
(e.g. nutritional or microbial imbalances) could have
contributed to the observed tadpole mortality, and
further work is necessary to examine this possibility.
Nevertheless, we believe that mass for body size
serves as a proxy for the ultimate issue of overfeeding,
especially given that no other changes were made to
protocols.

In terms of practical implications, this work
highlights that differences in the natural history,
physiology, ecology and evolutionary history of a
species (and even the focal population) should be
considered when designing appropriate health
metrics and care and breeding protocols (Madliger
et al., 2016; Pabijan et al., 2020). For instance, the
natural mass for body size of S. multiplicata differs
both within and between populations, depending on
local conditions such as the presence of a congener,
S. bombifrons (Pfennig & Pfennig, 2005). Health
and body condition metrics cannot necessarily be
shared between sexes or even across populations,
let alone species. The protocols and scoring criteria
used to identify animals of ‘good condition’ should
be grounded in natural history data at the level of
species, population and sex. Well-informed, specific
breeding and management schemes are essential for
keeping captive animals in appropriate body condition
and for the success of captive breeding programmes.

In sum, bigger is not always better when it comes
to body condition in frogs and, possibly, in many
other animals. Unnatural body conditions could be
indicative of other issues attributable to the unnatural
conditions of captivity that could accumulate over
time. Although there can be a tendency to coddle
captive animals, it is essential to understand their
natural environments and maintain animals within
this realm. We hope that our data will encourage
further studies into maladaptive parental effects and,
in particular, parental effects of over-conditioning.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article on the publisher's website.

Table S1: contains the body measurements of parents used in this paper.

Table S2: contains the survival data for tadpoles used in this paper.

Table S3: contains measurements of spadefoot toads from the field.

Table S4: includes measurements of females in the colony before the period of overfeeding.
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