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Abstract

Conservation translocation using captive-bred individuals has become increas-

ingly important for species restoration. Despite advancements in technologies

for captive-breeding, such as gamete cryopreservation, it remains largely

unknown if these artificially-produced offspring can be used to establish a via-

ble wild population. Using an amphibian species with a stable conservation

status (Anaxyrus fowleri), we measured the post-release growth and survivor-

ship of offspring produced from frozen/thawed sperm and projected fecundity

and population differences. Cryo-derived tadpoles and post-metamorphic

toadlets were smaller than their natural counterparts. Model projections show

that early-life differences in growth can scale up to substantial differences in

final life fecundity and population trends. Our findings call for greater atten-

tion towards the differences between captive-bred and cryo-derived individuals

compared to their natural counterparts, and the need for more investment into

developing cryopreservation technologies that are viable at the population

level for conservation translocation.
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1 | INTRODUCTION

In response to elevated rates of species extinction,
interdisciplinary methods are urgently needed to pre-
vent or mitigate further species loss (Blair et al., 2017;
Clark et al., 2001). Thinking beyond the confines of
traditional disciplines, these interdisciplinary, cross-
agency collaborations aim to provide a more compre-
hensive plan for species conservation by leveraging the

resources and expertise of different fields (Marquardt
et al., 2018).

An increasingly important branch of applied conser-
vation biology that directly links ex situ and in situ efforts
is that of conservation translocations (IUCN/SSC, 2013).
Through the intentional moving of species, individuals
can be introduced to reinforce declining populations or
to establish new populations of extirpated species. These
efforts have been amplified in response to extinction
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threats, with hundreds of conservation translocation pro-
grams spanning vertebrate and invertebrate animals
(Bubac et al., 2019; Fischer & Lindenmayer, 2000). One
of the pillars of conservation translocations is the estab-
lishment of a source population (IUCN/SSC, 2013). The
number of individuals that are translocated or released
can be a significant factor in determining the success of a
program (Germano & Bishop, 2009). For species facing
extinction threats, insurance populations are often set up
in captivity, as a stock for future conservation efforts
(Harding et al., 2016). In recent years, advancements in
gamete cryobiology and biobanking have been particu-
larly novel fields of development within captive programs
(e.g., Comizzoli & Holt, 2019; Silla & Byrne, 2019),
because of their potential to contribute to conservation
translocations through the propagation of genetically
valuable, at-risk species.

For a successful conservation translocation to occur,
biological, logistical, ecological, political, public support,
and financial factors need to be considered (Berger-Tal
et al., 2020; Bubac et al., 2019). A critical obstacle that many
programs face is not knowing if translocated individuals are
able to establish themselves in their new environment
(Msuya & Mohamed, 2019). Oftentimes, translocation pro-
grams lack the resources to monitor individuals post-release
(Berger-Tal et al., 2020) or are only able to do so for a short
period of time (<4 years, Bubac et al., 2019). While statisti-
cal models can be used to extrapolate the success of translo-
cation efforts (Kissel et al., 2014), such models require life
history data that are often difficult to obtain for rare species
and existing models are largely based on information from
natural populations. However, captive individuals can differ
significantly from their natural counterparts in terms of
growth, development, morphology, behavior, and other fac-
tors important to their reproduction and survivorship
(Milot et al., 2013; Poo & Hinkson, 2020; Suboski &
Templeton, 1989).

In the cases of gamete cryopreservation, in particular,
a large gap remains between the theoretical impact this
tool may have and its practical application in terms of
conservation translocation. Though laboratory-based
methods using cryopreserved gametes have been success-
ful, we have yet to demonstrate successful establishment
of artificially produced offspring in the wild. While
undoubtedly a promising frontier for wildlife conserva-
tion, the viability of offspring that are captive-bred and
cryo-derived individuals is virtually unknown (Poo &
Hinkson, 2020). Consequently, the feasibility of cryopres-
ervation for (re-)establishing a self-sustaining population
or preserving ecological function in the wild is specula-
tive at best. To assess the efficacy of cryopreservation as a
conservation tool, we need to first (1) quantify the
underlying differences between individuals produced via

cryopreserved gametes and those produced through natu-
ral mating, and (2) understand how these differences can
scale up to affect growth rate, survival, final life fecun-
dity, and population-level parameters.

In this study, we examined the growth and develop-
ment of amphibians produced through cryopreserved
sperms after they are released into their natural environ-
ment. Using a model species with a stable conservation
status (Fowler's toad, Anaxyrus fowleri), we compared
post-release growth and survivorship between cryo-
derived and natural-bred tadpoles in a natural pond. We
followed individuals through metamorphosis to deter-
mine carry-over effects from the larval to juvenile stage,
and projected growth rate, average life fecundity, and
population-level effects of cryopreservation. We used our
empirical results of experimental and control body sizes
and growth rates at metamorphosis to project the popula-
tion size differences between cryo- and natural-bred
populations over a 30-year span, employing a discrete
post-breeding age-structured population model. Based on
previous findings in controlled laboratory settings (Poo &
Hinkson, 2020), we predict tadpoles derived from
cryopreserved sperm would be at a disadvantage com-
pared to their natural counterparts, and that this effect
would carry over to the subsequent life-stages.

2 | METHODS

2.1 | Study species

We conducted this study from April to August 2020 in
Shelby County, Tennessee. We collected 60 Fowler's
toads by hand near permanent or ephemeral lentic habi-
tats adjacent to forested areas during the breeding season
and maintained all individuals in 10-gallon glass aquaria
(51 cm L � 25 cm W � 31 cm H), with up to four toads
per aquarium (Appendix 1).

2.2 | Reproduction via in vitro
fertilization and natural breeding

Toads were randomly assigned to either the experimental
(cryo-derived) group or control (natural-bred) group. For
the experimental group, we conducted in vitro fertiliza-
tion using cryopreserved sperm and fresh eggs, following
methods from previous studies (Poo & Hinkson, 2020,
Appendix 2). For the control group, we placed male–
female pairs in individual plastic boxes (37 cm L � 20 cm
W � 12 cm H) filled with 2 cm of aged tap water and
allowed them to lay eggs naturally through male–female
amplexus.
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2.3 | Rearing and assessments

From each male–female pairing, we randomly selected
25 tadpoles upon hatching and placed them in a 5 L
bucket filled with aged tap water. Tadpoles were reared
in captivity until 10 days past oviposition and then
released into a natural permanent pond (Meeman Biolog-
ical Station, Tennessee). Each set of 25 tadpoles was
released into a rectangular fine mesh enclosure (61 cm
L � 61 cm W � 91 cm H) with 100 g of dry leaf litter,
which allowed for nutrient exchange but protected tad-
poles from predators, and floating cork barks for meta-
morphosing toadlets (Figure 1). Tadpole morphology was
assessed at 10 days post-oviposition (prior to pond
release) and at 20 days post-oviposition (10 days post-
release). Total length, tail length, and body width of tad-
poles were measured from dorsal photographs using the
ImageJ (Rasband, 1997–2018). Upon reaching metamor-
phosis (Stage 46, Gosner, 1960), snout–vent length (SVL),
mass, and age (days since oviposition) of toadlets were
recorded.

2.4 | Statistical analyses

Assumptions of data normality were tested using the
Shapiro–Wilk test. Effects of cryopreservation on off-
spring growth and development were tested using

generalized linear mixed models (GLMMs), with clutch
identity included as a random variable to account for
potential clutch effects. GLMM families were chosen
based on data distribution. We tested the effects of cryo-
preservation on total length and tail length of tadpoles at
10 days post-oviposition using GLMMs with underlying
beta distribution and body width using GLMM with
underlying lognormal distributions. For tadpoles at 20 days
post-oviposition, we tested total length, tail length, and body
width using GLMMs with underlying lognormal distribu-
tions. We tested the effects of cryopreservation on SVL and
mass at metamorphosis and larval stage duration using
GLMMs with underlying Gaussian, beta, and lognormal
distribution, respectively. We tested differences between
survivorship to metamorphosis in cryo-derived and natural-
bred clutches using Welch's t test. We conducted all statisti-
cal analyses in the R programming environment (v. 3.6.0)
using a significance level of α = .05. Means are presented
with standard errors.

2.5 | Growth models

We used a von Bertalanffy equation (von
Bertalanffy, 1938, Appendix 3) to model differences in
cryo-derived and wild A. fowleri growth rates,

SVLt ¼ SVLmax� SVLmax�SVL0ð Þe�k t�t0ð Þ

FIGURE 1 Fine mesh enclosures were used to rear natural and cryo-derived Anaxyrus fowleri tadpoles in a natural pond (a). Enclosures

were inoculated with leaf litter and included habitat both above and below the water in the vertical column (b)
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where SVLt is average body size at age t, SVLmax is asymp-
totic maximum SVL, SVL0 is SVL at metamorphosis, t is
age, t0 is age at metamorphosis and k is the growth coeffi-
cient. We obtained cryo-derived and natural SVL0 measure-
ments from our empirical data. We obtained estimates of
natural-bred growth efficient k, SVLmax, and size at sexual

maturity from previous studies (Appendix 3). We estimated
k for cryo-derived individuals based on the difference in
growth rate between cryo-derived and natural tadpoles
(Figure 3). Finally, we compared the proportional difference
in growth across the maximum lifespan of a toad (5 years,
Green & Middleton, 2013).

FIGURE 2 Discrete post-

breeding age-structured population

model of Anaxyrus fowleri using a

5-year lifespan, with sexual maturity

reached at Year 2. This model

assumed that not all Year 2 subadults

breed, while all adults from ages 3 to

5 breed annually

FIGURE 3 Relative sizes of

cryo- vs. natural-bred Anaxyrus

fowleri larvae 10- and 20-days post-

oviposition (a) and at metamorphosis

(b) from experimental results, and

projected percentage size difference

across a five-year lifespan between

cryo- and natural-bred individuals

based on the von Bertalanffy growth

model (c). Significant differences are

marked with an (*) next to the

variable name
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2.6 | Population models

Age-structured population models are commonly used
to predict population outcomes in a variety of species
from plants (Kalisz & McPeek, 1992) to ungulates
(White et al., 2018), and have been implemented in the
study of several amphibians (Minin and Griffiths, 2011;
Kissel et al., 2014; Vimercati et al., 2017). We used a
discrete, deterministic, all-female post-breeding age-
structured (Kendall et al., 2019; Otto & Day, 2007) pop-
ulation model (Figure 2), using survival and fecundity
parameters from wild populations reported in the liter-
ature (Appendix 4). We chose a discrete model, rather
than the more common continuous model, to reflect
that this species does not breed continuously through-
out the year, but instead has a distinct breeding season.
Further, we take a deterministic approach, removing
randomness from the simulations. While natural
populations do face a lot of randomness with weather
related events, predators, competition and landscape
factors, we were particularly interested in seeing the
effects of cryopreservation on the outcomes of the
populations. Lastly, we chose to develop a post-
breeding model (as opposed to a pre-breeding model)
to incorporate a class which includes exclusively eggs
to metamorphic toadlets, since the empirical aspects of
this study focus on this stage of growth.

We estimated differences in cryo-derived versus
natural population parameters based on effects of size
at metamorphosis from our experimental data,
using an initial starting condition of 1 million eggs
for each population. We modeled population size
across 30 years in three different scenarios: natural

populations, cryo-derived populations where effects
of cryopreservation only last one generation, and
cryo-derived populations where effects of cryopreser-
vation are inherited across generations. We ran the
same model with initial cryo-derived eggs starting at
3 million eggs, while keeping the natural-bred popu-
lation at 1 million eggs. Finally, we compared the
estimated average five-year individual fecundity of
cryo-derived and natural-bred cohorts starting at one
million eggs for each group.

3 | RESULTS

3.1 | Effects of cryopreservation

A total of five cryo-derived and eight natural-bred
clutches were included in the study, with 25 randomly
selected tadpoles per clutch (N = 13 clutches, 325 tad-
poles total). At the pre-release assessment (10 days
post-oviposition), total length, tail length, and body
width were not significantly different between cryo-
derived and control tadpoles (N = 325, Figure 3a).
However, at the post-release assessment (20 days post-
oviposition), cryo-derived tadpoles were significantly
smaller than control tadpoles in all three morphology
measurements (N = 273, Figure 3a). Similarly, at meta-
morphosis, cryo-derived toadlets were smaller in SVL
and in mass compared to their natural-bred counter-
parts (N = 242, Figure 3b). Duration of the larval stage
was not significantly different from natural-bred indi-
viduals, nor was percent survival at metamorphosis
(Appendix 5).

FIGURE 4 Estimated population size differences over 30 years for initial starting conditions at 1 million female Anaxyrus fowleri for all

three scenarios (a), and an additional 2 million for only the cryo-derived scenarios (b)
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3.2 | Predicted carry-over effects of
cryopreservation on growth rate,
population, and average female final life
fecundity

Our estimated differences in cryo-derived versus natural-
bred A. fowleri growth indicated a slower growth rate and
older age at sexual maturity for cryo-derived individuals
(Figure 3c). Cryo-derived individuals were estimated to
catch up in size with natural-bred individuals only
towards the end of their lifespan (Figure 3c). These differ-
ences scaled up to population-level differences in three dif-
ferent scenarios modeled (natural, cryo-derived effects for
one generation, and cryo-derived effects preserved across
generations). Natural-bred populations were predicted to
remain stable over 30 years, while populations with cryo-
derived effects for only one generation remained stable
but at lower population numbers than natural-bred
populations (Figure 4). For populations where cryo-
derived effects were preserved across generations, the
post-metamorphic population was estimated to go extinct
after approximately 17 years (Figure 4). Estimated average
five-year fecundity was 1.99 eggs per individual for an ini-
tial cohort of 1 million natural-bred eggs, and 0.78 eggs
per individual for an initial cohort of 1 million cryo-
derived eggs.

4 | DISCUSSION

Through in situ monitoring, we provide the first insights
into the post-release adaptiveness of amphibians propa-
gated in captivity using cryopreserved sperm, and
modeled how cryopreservation effects may scale up to
population-level trends. We show that cryo-derived indi-
viduals had similar rates of survivorships at metamorpho-
sis, but were at a disadvantage in terms of size and mass,
compared to natural-bred individuals. This sub-lethal
effect of cryopreservation is observed during the larval
stage and is carried over beyond metamorphosis into the
juvenile stage, resulting in smaller size at metamorphosis
and projected stunted growth patterns into maturity. Our
population modeling estimated smaller population sizes
for cryo-bred frogs, and population extinction if cryo-
derived effects are heritable. With few, if any, examples
of in situ post-release monitoring of cryo-derived animals
existing in the scientific literature, this study takes the
first step in bridging the gap between the theoretical use
of cryopreservation and the actual feasibility of these
methods in situ. While cryopreservation can be invalu-
able in preserving biological and genetic diversity, our
findings highlight the challenges of cryopreservation as a
conservation tool for at-risk amphibians.

In amphibians, a disadvantage in size during the lar-
val and juvenile stages is known to have a negative effect
on a suite of life history characteristics. These effects can
have more long-lasting effects on the survivorship and
reproductive output. Larger tadpole size is linked to
higher efficiency of prey consumption (Crossland, 1998)
and predator avoidance (Formanowicz, 1986). Similarly,
size at metamorphosis has a direct positive relationship
with increased fecundity (Fontenot Jr., 1999; Scott, 1994),
earlier sexual maturity (Berven, 1990; Scott, 1994), better
foraging abilities (Cabrera-Guzm�an et al., 2013;
Flowers & Graves, 1995), greater locomotive abilities
(Beck & Congdon, 2000; Goater et al., 1993), and higher
mating success (Howard & Young, 1998). All of these
characteristics affect the most significant parameters of
population viability: survival and fecundity. Moreover,
these effects can carry-over from one life stage to another,
and can be content dependent based on environmental
conditions and resource availability (Touchon
et al., 2013). Comparing our findings to that of a previous
laboratory-based study (Poo & Hinkson, 2020), we found
that disadvantages of size and mass in cryo-derived indi-
viduals persist even after they are released into natural
habitats, which can have a number of implications if they
are used in captive-release and translocation programs.

From our population simulations, small differences in
size at metamorphosis can scale up to substantial differ-
ences at the individual and population level. Our results
project a decrease in average final life fecundity in
females, and lower population numbers of cryo- versus
natural-bred toads. These findings further emphasize the
significance of size at metamorphosis as a life history trait
that reverberates through many metrics of overall fitness
for amphibians (e.g., Cabrera-Guzm�an et al., 2013;
Howard & Young, 1998; Scott, 1994). Our results high-
light the need for model projections to take into account
effects of laboratory captive-breeding techniques, instead
of solely using empirical values from natural populations
to make predictions for captive-release models. As with
many other limitations of deterministic simulations, our
population and growth models do not take into account
demographic and environmental stochasticity, and also
overlook potential community-level effects. Despite these
caveats, we can see that smaller sizes observed in cryo-
derived tadpoles and post-metamorphic toadlets could
pose a challenge to the use of cryopreservation as a
method for species conservation via captive-breeding and
conservation translocation.

Given the increasing importance of captive-breeding
programs and cryopreservation technologies in wildlife con-
servation, it may seem surprising that few, if any, studies
have examined the post-release growth and survivorship
of cryo-derived individuals. However, cryopreservation has
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largely been developed for species of higher conservation
priority, such as mammals and birds (e.g., Brown
et al., 2018; Gee et al., 1985; Hermes et al., 2009; Huang
et al., 2012), or for species of higher economic value, such
as livestock (e.g., Morrell & Mayer, 2017; Sieme &
Oldenhof, 2015) and aquaculture (e.g., Magnotti et al., 2018;
Martinez-Paramo et al., 2017). The findings from this study
breaks new grounds by increasing our knowledge of post-
release growth and survivorship of amphibians produced
using cryopreserved sperm. These explorations and discus-
sions are fundamental to long-term conservation efforts
involving assisted artificial reproductive technologies. While
cryopreserved sperm can produce individuals capable of
surviving in their natural environment, empirical differ-
ences in growth and development, as well as model projec-
tions for fecundity and population growth suggest
disadvantages in the cryo-derived group. These disadvan-
tages are nuanced and complex, both in terms of the cause
and mechanism during the process of cryopreservation and
in vitro fertilization that led to the discrepancies observed
and with respect to the implications it may have on wild
populations that are supplemented with or established by
using cryo-derived individuals. All of these topics require
more attention and dedicated research efforts by future
studies. Areas that merit further examination include inves-
tigations into the cause of the discrepancies in size between
cryo-derived and natural-bred individuals, the heritability of
these differences, and the other potential sub-lethal
effects of cryopreservation. Though the process of cryopres-
ervation can cause significant damage to sperm cells
through DNA fragmentation (Pérez-Cerezales et al., 2009;
Zilli et al., 2003), altered rates of DNA methylation (Aurich
et al., 2016), and a myriad of processes affecting sperm
membrane structure and function (Peris-Frau et al., 2020),
little is known about the effects or the heritability of these
effects across generations (but see Lavara et al., 2014). In
particular, if the effects of cryopreservation are heritable, it
may pose significant problems for cryo-derived population
viability. In addition, validation of our growth and popula-
tion models through multi-year studies that follow cryo-
bred clutches to sexual maturity would provide a more
comprehensive picture of potential long-lasting effects of
using cryopreservation in conservation translocation pro-
grams. It should be noted, however, that multigenerational
experiments in amphibians are logistically difficult to con-
duct in situ, given their biphasic life history and high rates
of larval mortality.

Given the paucity of studies on cryo-derived offspring
across life stages, our findings provide salient information
for amphibian conservation. Ultimately, the goal is to
increase our knowledge of the ecological adaptiveness of
captive-bred amphibians in situ, so that we can bolster the
post-release survival of at-risk species that may ultimately
rely on such breeding methods. By combining empirical

data from post-release monitoring and model projections,
our study takes one step forward in understanding the
complexities of using sperm cryopreservation in
reintroduction efforts and points to the potential barriers
we face in using it as an effective wildlife conservation tool.
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