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Captive diet does not influence
exploration behavior upon
reintroduction to the wild in a
critically endangered amphibian
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Michael S. McFadden1,3 and Phillip G. Byrne1*

1School of Earth, Atmospheric and Life Sciences, University of Wollongong, Wollongong, NSW, Australia,
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Exploration behavior can have profound effects on individual fitness.

Consequently, knowledge of the proximate mechanisms underpinning

exploration behavior may inform conservation breeding programs (CBPs) for

threatened species. However, the environmental factors that influence

exploration behavior in captivity and during the reintroduction process

remain poorly understood. Dietary micronutrients, such as carotenoids, are

known to affect the expression of energetically costly behavioral traits, and

theoretically may also influence the degree of exploration behavior in various

contexts. Here, we investigate whether dietary b-carotene supplementation in

captivity influences exploration behavior upon reintroduction to the wild in the

critically endangered southern corroboree frog, Pseudophryne corroboree.

We conducted a manipulative dietary experiment where captive bred P.

corroboree were supplemented with different doses of b-carotene for 40

weeks prior to release. Frogs (n = 115) were reintroduced to the wild using a

soft-release approach, where they were released into field enclosures

specifically designed for this species. Upon reintroduction, the frogs’ initial

exploration behavior was measured using a standardized behavioral assay.

There was no effect of diet treatment on any measure of exploration behavior

(mean latency to leave the initial refuge, time spent mobile within the release

apparatus and latency to disperse into the field enclosure). However, there was

a significant relationship between individual body size and latency to leave the

refuge, whereby smaller individuals left the refuge more rapidly. While these

findings provide no evidence that b-carotene at the dosages tested influences

P. corroboree exploration behavior in a reintroduction context, the effect of

body size draws attention to the potential for bodily state to influence

exploration behavior. We discuss the need for ongoing research investigating

the influence of captive diet on post release behavior, and highlight how

knowledge concerning state-dependent behavior might help to inform and

direct reintroduction programs.
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1 Introduction

Conservation breeding programs (hereafter CBPs) have been

established for many threatened species globally in an attempt to

curb current rates of biodiversity loss (Conde et al., 2011). The

objectives of many modern CBPs are multifaceted and combine

ex-situ and in-situ conservation approaches. Objectives may

include: i) the establishment and maintenance of genetically

representative captive assurance populations, ii) providing

individuals for research, iii) acting as ambassadors for

conservation education, and/or iv) breeding or head-starting

individuals for reintroduction into the wild (McFadden et al.,

2018; Silla & Kouba, 2022). In recent years there has been a shift

away from more traditional ‘ark’ approaches and greater

emphasis and investment placed on the reintroduction of

captive-bred individuals (Gilbert et al., 2017). Despite a

growing investment in reintroduction by CBPs globally, their

general success continues to be hindered by low post-release

survival rates of captive individuals (Fischer and Lindenmayer,

2000; Berger-Tal et al., 2020). Low post-release survival is

frequently attributed to captive-bred individuals displaying

sub-optimal behavior, such as the inability to effectively evade

predators, select suitable habitat, or locate resources (Matthews

et al., 2005; Stamps & Swaisgood, 2007). One aspect of an

individual’s behavioral phenotype that is likely to have

profound effects on post-release survival and reintroduction

success is exploration behavior (McDougall et al., 2006;

Merrick & Koprowski, 2017; Kelleher et al., 2018). Exploration

behavior is commonly defined as an individual’s reaction to a

new situation, such as a novel environment or object (Reale et al.,

2007). Exploration behavior has been shown to influence fitness

across various taxonomic groups through impacts on the

discovery and use of refugia (Germano et al., 2017), disease

acquisition (Koprivnikar et al., 2012), seasonal dispersal

(Dingemanse et al., 2003; van Overveld et al., 2014) and

reproductive success (Dingemanse et al., 2004; Both et al., 2005).

When captive-bred individuals are reintroduced into the

wild (a novel, unfamiliar environment), how quickly they leave

the release point to explore their new surroundings and gather

information about their environment may predict

reintroduction outcomes (McDougall et al., 2006; Berger-Tal &

Saltz, 2014; Kelleher et al., 2018). For instance, increased

exploratory behavior post-release has been shown to influence

an individual’s likelihood of encountering suitable food

resources (Schmitz et al., 2015), habitat and refugia (Germano

et al., 2017), and avoiding potential predators (Banks et al.,

2002). Critically, exploration behavior has also been shown to

positively affect post-release survival in mammals (Banks et al.,

2002; Haage et al., 2017) and reptiles (Germano et al., 2017;

Allard et al., 2019), suggesting that increased exploration may be

a key behavioral determinant of reintroduction success in

various taxa (Berger-Tal & Saltz, 2014; Merrick & Koprowski,
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2017; Kelleher et al., 2018). However, increased exploratory

behavior can impose significant costs (Berger-Tal & Saltz,

2014; May et al., 2016). Exploration behavior can be

energetically demanding (Berger-Tal & Saltz, 2014) and in

certain contexts might negatively impact reintroduction

success by increasing an individual’s exposure to threats such

as predators or disease (Haage et al., 2017; Kelleher et al., 2018).

Regardless of the direction of the effect, there is growing

recognition that knowledge concerning the causes of variation

in exploration behavior within and between individuals can help

inform CBPs and threatened species management.

Diet represents a ubiquitous environmental factor that can

contribute to variation in a wide variety of behavioral traits,

including exploration behavior (Carere et al., 2005; Han &

Dingemanse, 2015, Krause et al., 2017; Han & Dingemanse,

2017). Recently, research attention has focused on

understanding how certain micronutrients might influence

exploration behavior, with an emphasis on dietary carotenoids

(Rowe et al., 2015; Kelleher et al., 2019). Carotenoids are a group

of organic micronutrients that animals can only obtain through

their diet, and can be broadly grouped into two main types;

carotenes (such as b-carotene and lycopene) and xanthophylls

(such as lutein and zeaxanthin) (Svennson &Wong, 2011). Over

the past two decades numerous empirical studies have suggested

that carotenoids play an important role in animal health and

physiological performance, primarily due to their capacity to

function as antioxidants (Svennson & Wong, 2011; Koch & Hill,

2018). Most carotenoids can effectively receive electrons,

theoretically allowing them to quench and reduce the

concentration of reactive oxygen species (ROS) in muscle

tissue during periods of strenuous activity, improving

physiological performance and endurance (Svennson & Wong,

2011; Koch & Hill, 2018). Indeed, dietary supplementation with

carotenoids has been shown to positively influence various

energetically costly physiological and behavioral traits,

including growth and development (Keogh et al., 2018;

McInerney et al., 2019) mating displays and ornamentation

(Hill et al., 2002; Arnold et al., 2010) and predator escape

response (Silla et al., 2016). Thus, there is reason to think that

carotenoids might also positively affect other energetically

demanding behavioral tra i ts , such as explorat ion.

Theoretically, carotenoid supplementation might positively

influence exploration behavior by providing antioxidant

protection to muscle tissue or other organs during periods of

exploratory movement (Rowe et al., 2015; Kelleher et al., 2019).

At present, however, the effect of dietary carotenoids on

exploration behavior has only been investigated by two

studies, and the results remain equivocal (Rowe et al., 2015;

Kelleher et al., 2019). Rowe et al. (2015) found that

supplementation with high doses of xanthophyll carotenoids

increased average exploration behavior in captive ducks in a

novel environment (Rowe et al., 2015). In contrast a recent study
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in capt ive southern corroboree f rogs found that

supplementation with a mixed carotenoid at different life

stages did not influence mean adult exploration behavior, but

rather the amount of individual variation in exploration

behavior (Kelleher et al., 2019). Considering the scarcity of

studies, as well as variation in types of carotenoids used across

studies, further work is required to determine how carotenoids

influence exploratory behavior. Furthermore, a growing body of

evidence suggests that the effects of carotenoids may be highly

dose dependent, and also vary depending on the physiological

and behavioral traits examined (Keogh et al., 2018; McInerney

et al., 2019; McInerney et al., 2020). Thus, in order to

significantly advance our understanding of the effect of dietary

carotenoids on exploration behavior, additional studies

investigating dose responses are required. More broadly, there

is also a need to investigate the effect of carotenoids on

exploration behavior under various contexts, with a clear gap

in knowledge concerning the influence of captive diet on

individual behavior at the time of reintroduction (Richardson

et al., 2019).

One taxonomic group that would benefit from research

investigating the effect of dietary carotenoids on post-release

behavior are anuran amphibians. Anuran amphibians are

currently the most threatened vertebrate class globally, with an

upper estimate of 50% of amphibian species at risk of extinction

(IUCN, 2020). Many species are now the subject of long term

CBPs, though reintroduction success is often low to moderate,

depending on the specific species and its main threats (Tapley

et al., 2015; Soorae, 2016). Understanding how captive

environmental conditions impact post-release behavior may

allow conservation managers to direct the development of

beneficial behavioral phenotypes. For instance, diet and

micronutrient availability is easily controlled in a captive

setting, allowing conservation managers to adjust the

micronutrient composition of captive diets to increase the

expression of particular behavioral traits (such as exploration

behavior) that enhance post release performance and/or

survival. The southern corroboree frog (Pseudophryne

corroboree) is one of Australia’s most critically endangered

anurans, and is endemic to the Snowy Mountain region of

Kosciuszko National Park in NSW, Australia. The species has

suffered extensive population declines since the 1980s, primarily

due to the devastating effects of the virulent pathogen, the

amphibian chytrid fungus (Batrachochytrium dendrobatidis,

Bd). At present there are less than 30 mature adults remaining

in the wild, and the species is the subject of an intensive, multi-

institutional CBP (Hunter et al., 2018). Current reintroduction

protocols include the release of mature captive-bred individuals

into disease-free enclosures situated within their former range.

At the beginning of the winter period, P. corroboree individuals

enter into a period of hibernation in underground refugia to

avoid freezing (Osborne, 1991). Although reintroduction success

is yet to be formally quantified, it is logical to presume that
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individuals that do not find suitable overwintering refugia are

unlikely to survive the harsh winter conditions (D. Hunter,

personal observation). In regard to predation, although P.

corroboree possess bright coloration that is expected to serve

an aposematic function, a recent study using model frogs

indicated that naïve predators that haven’t been exposed to P.

corroboree following local extirpation may attack frogs (Umbers

et al., 2020). Thus, in this context where warning coloration is

expected to be less effective, individuals that disperse quickly

after release can be expected to have a greater chance of finding

hibernacula and surviving their first winter post release.

The aim of the present study was to investigate whether

dietary b-carotene supplementation influences the initial

exploration behavior of captive P. corroboree upon

reintroduction to the wild. Specifically, we aimed to determine

whether supplementation with b-carotene at different doses

influenced exploration behavior, measured as latency to leave

the initial refuge, proportion of time spent mobile and latency to

disperse into a new environment. To address this aim we

conducted a large manipulative laboratory experiment where

we reared captive P. corroboree on different doses of dietary b-
carotene prior to release. We then quantified initial exploration

behavior upon release by conducting a standardized behavioral

assay. Based on the assumptions that; (1) carotenoids have the

potential to act as antioxidants and can reduce reactive oxygen

species and (2) that exploration is an energetically costly

behavior (following Kelleher et al., 2019), we predicted that P.

corroboree receiving a higher dose of b-carotene would be more

exploratory upon release (i.e., disperse more quickly and have

greater mobility).
2 Methods

2.1 Study species

The southern corroboree frog (Pseudophryne corroboree) is a

small (23- 30 mm snout-vent length) terrestrial anuran from the

family Myobatrachidae (Osborne, 1991). Pseudophryne

corroboree is an alpine species that is endemic to the Snowy

Mountain region of Kosciuszko National Park in NSW,

Australia, and its distribution is highly restricted to areas

above 1300 m in elevation (Hunter et al., 2018). The species is

distinguished by striking black and bright yellow longitudinal

stripes located on its dorsal surface (Figure 1A). This coloration

appears to function as an aposematic warning signal to predators

(Umbers et al., 2020), as the skin of both males and females

contains toxic lipophilic alkaloids (pumiliotoxins and

pseudophrynamines; Daly et al., 2005). P. corroboree breeds

annually during the Austral summer months (December –

February) and undergoes a period of hibernation during the

winter months (June-August) (Osborne, 1991). The diet of P.

corroboree consists of silt and algae consumed during the larval
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life stage, and invertebrates (such as ants and crickets) consumed

post-metamorphosis (Osborne, 1991), all of which naturally

contain carotenoids (Lichtenthaler, 1987; Eeva et al., 2010).

The species is currently listed as critically endangered by the

Australian government at both the state and federal level, and by

the International Union for the Conservation of Nature (IUCN)

(Hunter et al., 2018) and has been the subject of an intensive,

multi-institutional CBP since 2003 (McFadden et al., 2013).
2.2 Study animals

Pseudophryne corroboree used in this study were bred and

reared through to metamorphosis at Taronga Zoo, Sydney

Australia, as part of the CBP for this species. Frogs were from

eight distinct clutches produced by different parents. On the 15th

of January 2019, the frogs were transported from Taronga Zoo to

the Ecological Research Center (ERC) at the University of

Wollongong (UOW). Immediately upon arrival at the ERC,

frogs were placed into individual housing containers (21 cm L x

12 cmW x 12 cm H), in which they remained for the duration of

the study. Each individual was randomly assigned to a diet

treatment (see Section 2.3 below for details), with clutch (clutch

A, B, C, D, E, F, G, H) evenly represented among treatments to

control for any potential genetic effects. At the commencement

of the study period, frogs were 3 to 4 months old post-

metamorphosis, and weighed between 0.394 and 1.284 grams

(mean ± SEM = 0.895 ± 0.014). As P. corroboree do not reach

sexual maturity until 3-4 years post-metamorphosis, the sex of

individuals was not determined during the study.
2.3 Experimental design

To determine whether b-carotene influences the exploration
behavior of P. corroboree upon reintroduction to the wild,

individuals (n = 115) were first assigned to one of four

experimental diet treatments which differed in b-carotene
concentration. These diet treatments were: T0 (a control diet;
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0mg/g of b-carotene, n = 30), T1 (1 mg/g of b-carotene, n = 31),

T2 (2 mg/g of b-carotene, n = 28) and T3 (3 mg/g of b-carotene,
n = 26) (see section 2.4 below for further details). b-carotene is a
carotene carotenoid (Svennson &Wong, 2011), and was selected

as it is one of the main carotenoids found in captive P. corroboree

skin (Byrne and Silla, unpublished data). b-carotene is also

present in the natural diet of P. corroboree at both life stages,

found in algae consumed during the larval life stage, and

invertebrates consumed post-metamorphosis (Osborne, 1991).

The three specific experimental treatment concentrations (1mg/

g, 2mg/g and 3mg/g) were chosen based on the findings of

previous studies investigating the effect of b-carotene
supplementation on fitness-determining traits in P. corroboree

and the Australian Booroolong frog (Litoria booroolongensis)

(Keogh et al., 2018; McInerney et al., 2019). These studies

investigated the effect of b-carotene supplementation at doses

of 0.1mg/g, 1mg/g (Keogh et al., 2018; McInerney et al., 2019)

and 10 mg/g (Keogh et al., 2018), with 1mg/g identified as the

optimal dose in both studies. Individuals were maintained in

captivity on experimental diet treatments for 40 weeks. After this

time, P. corroboree were reintroduced into one of four disease-

free enclosures (Figures 1B, C) located within Kosciuszko

National Park, NSW, Australia. Each diet treatment was

equally represented within each field enclosure (see section

2.6) and exploration behavior was quantified at the point of

release using a standardized behavioral assay (see sections 2.4,

2.5 and 2.6).
2.4 Captive husbandry and diet
treatments

Throughout the experimental period, frogs were kept inside

a temperature-controlled room, maintained at 20°C according to

husbandry conditions described previously (Walton et al., 2021).

Frogs were individually housed in rectangular plastic aquaria

(21cm L x 12 cmW x 12cmH) which contained a 2 cm high base

layer of aquarium gravel and a layer of sphagnum moss

(Sphagnum cristatum; Brunnings, Australia). Each enclosure
FIGURE 1

(A) Adult Southern Corroboree frog, Pseudophryne corroboree, (B) Soft-release field enclosures located in Kosciuszko National Park, NSW, and
(C) video recording set-up and release apparatus within a field enclosure. Photograph A is courtesy of A.J. Silla, photographs B and C are
courtesy of P.G. Byrne.
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contained a small piece of PVC plastic tube (5.7 cm L, 4.4 cm D)

in one corner to provide individuals with a covered, dry refuge

area. Containers were flushed twice weekly with reverse-osmosis

(R.O.) water, and sphagnum moss was changed once a fortnight

to remove nitrogenous waste and detritus. UV-B lighting was

provided from two UV-B light bulbs (Reptisun 10.0 T5 High

Output 36” bulb; Pet Pacific, Australia) that were suspended

approximately 20 cm above the enclosures. UV-B lights were

connected to an automatic timer which was set to a 9 h:15 h day/

night light cycle. Natural, ambient light was also provided by a

nearby window, providing the frogs with a seasonal photoperiod.

Following arrival at the ERC, all individuals were initially fed a

standard basal diet (Acheta domestica crickets) for a period of

five weeks (irrespective of their assigned diet treatment) that

contained a negligible amount of carotenoids (Silla et al., 2016),

while they acclimatized to the new housing conditions and

husbandry protocols. Experimental diets (T0, T1, T2 and T3)

commenced on the 15th of March, 2020. Diets were prepared by

dusting a standardized weight of Acheta domestica crickets (15

g) with one of four diet treatment powders. Each treatment

powder contained a known concentration of b-carotene powder
(T0: 0 mg/g, T1: 1 mg/g, T2: 2 mg/g, T3: 3 mg/g), cellulose

microcrystalline powder and 0.25 g of calcium powder (Repti-

Cal, Aristopet, Melbourne, Australia) (see Table 1 in Walton

et al., 2021 for a breakdown of experimental diets). Cellulose

powder was used as a bulking agent to standardize diet quantity

across treatments and is commonly used in diet experiments as it

has no known nutritional value (Dias et al., 1998; Deng et al.,

2006). Basal and experimental diets were supplemented with

calcium powder to prevent frogs from developing disorders

associated with calcium deficiencies that are common in

captive amphibians (Ferrie et al., 2014). Frogs were fed 10-15

dusted Acheta domestica crickets (7-10 days old) twice weekly

(Mondays and Fridays) to eat ad libitum for the duration of

the study.
2.5 Release site

To determine whether b-carotene influences exploration

behavior upon reintroduction, P. corroboree were released into

four circular field enclosures that were purpose built for

releasing this species into a disease-free environment. The

enclosures were located within the former range of P.

corroboree, at 1500 meters above sea level in the sub-alpine

region of Kosciuszko National Park, NSW Australia. The

‘disease free’ status of the enclosures was achieved by

excluding other frogs (particularly the common eastern froglet

Crinia signifera) that are a reservoir host for the amphibian

chytrid fungus (Batrachochytrium dendrobatidis). The exact

location details of the field site are withheld due to

conservation security reasons. Each circular enclosure was a 90

cm high galvanized corrugated iron fence that was six meters in
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contained established vegetation, predominately the tussock

grass Poa sieberiana. Ten wooden planks of different sizes

where randomly placed in each enclosure to provide a refuge

area for the frogs, and a suitable structure to encourage ant

colonies, which are the primary diet of P. corroboree. As all

enclosures contained large quantities of ants and other small

invertebrates, no supplementary feeding was required. Two

areas within each enclosure (approximately 80 cm × 200 cm)

were established as moist refuges. This was achieved by

excavating to a depth of 15 cm an area approximately 80cm

by 200cm that was then lined with rubber matting and filled with

scoria gravel and covered with wooden planks. We conducted

the release in Austral summer (December), in line with the

current corroboree frog reintroduction protocol. Adult P.

corroboree are released during the spring and summer months

as there is an abundance of invertebrate prey species during this

time, and P. corroboree hibernate during winter.
2.6 Quantifying exploration behavior
upon release

Prior to arrival at the field site, individuals from each diet

treatment (T0, T1, T2 and T3) were assigned to a field enclosure

(1, 2, 3 or 4). Individuals from each treatment were assigned to a

field enclosure based on their pre-release body weight (weight as

of the 5th December 2019). This ensured that each diet treatment

was equally represented within each field enclosure, and that

there was no significant difference between enclosures in either

the mean body weight of frogs (ANOVA: F3,111 = 0.1365, p =

0.9381) or the variance in body weight (Levene’s test: F3,111 =

0.1724, p = 0.9149). Total sample sizes for each of the field

enclosures were as follows: enclosure 1: n = 29, enclosure 2: n =

29, enclosure 3: n = 28, enclosure 4: n = 29. At the time of

reintroduction, frogs were approximately 12 months post

metamorphosis and weighed between 1.625 and 3.309 grams

(mean ± SEM = 2.415 ± 0.03 g).

On the 17th of December 2019, P. corroboree (n = 115) were

transported from the ERC at UOW to the reintroduction site in

Kosciuszko National Park. Frogs were transported from UOW

in large, rectangular plastic pal pens (31.9cm x 17.8 cm) in

groups of 5 to 12 frogs per container. Frogs were kept in their

treatment groups during transport. Transport containers were

filled with a deep layer of sphagnum moss (Brunnings,

Australia), which provided frogs with a safe, secure refuge, to

bury down in whilst being transported. Upon arrival in

Kosciuszko National Park, frogs were transported into the

reintroduction site by helicopter. The transport containers

were covered with black opaque plastic during transit to

further limit any potential disturbance (and stress) to the

frogs. Upon arrival at the field site, the transport containers

were placed in a shady location, and the frogs were left
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undisturbed for a period of one hour. Following the one-hour

initial acclimation after arrival at the site, we released captive P.

corroboree into one of the four field enclosures. To quantify

exploration behavior immediately upon release, we conducted a

standardized behavioral assay. Within each field enclosure

(enclosure 1-4), assays were conducted in three blocks, with 12

frogs released simultaneously in block 1, 12 frogs released

simultaneously in block 2, and the remaining 4-5 frogs

released simultaneously in block 3. Diet treatments were

equally represented among each testing block to control for

any potential order effects. Behavioral assays were conducted in

daylight between 15:00h and 17:00h as P. corroboree is

diurnally active.

To conduct a standardized behavioral assay, we designed a

release apparatus that consisted of a piece of transparent

aquarium tube (46 cm L), which was closed with an opaque

cap at one end and open at the other. We created a standardized

initial starting refuge, by placing a piece of sphagnummoss from

the frog’s transport container into the enclosed end of the release

apparatus. This design ensured that each individual started the

assay in a familiar refuge from which they could freely leave and

disperse into their new environment (similar to a captive novel

environment test used to measure exploration behavior, see

Kelleher et al., 2017; Kelleher et al., 2019). As with captive

novel environment tests, this approach ensured that the behavior

observed was ‘free’ exploration behavior, as opposed to ‘forced’

exploration behavior (Carter et al., 2013; Kelleher et al., 2017;

Kelleher et al., 2019). The release apparatus was positioned so

that the open end of the tube was facing north, into the center of

the field enclosure. This allowed us to standardize the direction

of each individual release, and control for any potential

directional or orientation biases, which may impact the

immediate dispersal behavior of each individual.

To begin a reintroduction behavioral assay, we carefully

placed a focal frog on top of the sphagnum moss at the enclosed

end of the release apparatus, and, to ensure that the frog

remained in the moss, placed the tube in an upright, vertical

position for an acclimation period of five minutes. After the five-

minute acclimation period had ended, an observer carefully

lowered each tube until it lay in a horizontal position along

the ground, allowing the frog to freely exit the moss refuge and

move along the tube towards the opening. Frogs that made it to

the end of a tube were then free to disperse into the field

enclosure. After all tubes within the testing block were lowered

(which took less than 10 seconds) the observer moved several

meters behind the tubes and cameras so as not to disturb the

frogs. Neighboring tubes within a testing block were placed 15-

20 cm apart from each other in a parallel position, and long

tussock grass within the field enclosures prevented neighboring

frogs from seeing or interacting with each other until they exited

the apparatus. Reintroduction behavioral assays were conducted

for a period of 10 minutes. Assays were video recorded using a

high-definition video camera (Sony FDR-AX53 4K Camera) that
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was attached to a tripod and positioned approximately two

meters behind the release apparatus. At the end of the 10

minute trial period, any frogs that remained in the release

apparatus were removed and gently released into the

enclosure. The release tubes were wiped with ethanol and

rinsed with reverse-osmosis (R.O.) water between every trial

(including the first trial) to remove the potential for chemical

signals released by frogs to influence the behavior of frogs in

subsequent trials. All videos were rewatched at a later date and

analyzed using the behavioral analysis software JWatcher

Version 1.0 (Blumstein et al., 2000). For each frog we

measured three variables as indicators of exploration behavior:

(1) latency to leave the moss refuge (seconds), (2) the proportion

of time spent mobile while in the release apparatus and (3)

latency to disperse into the field enclosure (i.e., completely leave

the release apparatus) (seconds). Individuals that did not leave

the moss refuge, or disperse into the ring enclosure received the

maximum latency time of 600 seconds. Trial times commenced

as soon as the release apparatus was laid horizontally along the

ground. Mobility was defined as any intentional locomotory

movement, including head movement, and a frog was

considered immobile if it stopped moving for longer than 3

seconds (following Kelleher et al., 2017). Individuals that had

shorter latency times, and spent a greater proportion of time

mobile when inside the release apparatus were considered to be

more exploratory.
2.7 Statistical analyses

To determine the effect of diet treatment on exploration

behavior upon reintroduction, we used linear mixed effects

models (LMM) with Gaussian error distribution and restricted

maximum likelihood (REML) parameter estimation, using the

function lme in the R package lme4 version 1.1-21 (Bates et al.,

2015). We constructed three separate LMM’s for each response

variable: (1) latency to leave refuge, (2) proportion of time spent

mobile and (3) latency to disperse. For each model, diet treatment

(T0, T1, T2 and T3) and clutch (A, B, C, D, E, F, G, H) were

entered as fixed categorical variables, while body size (grams)

was entered as a continuous variable. Field enclosure ID (1-4)

was entered as a random effect. Prior to analysis, all variables were

transformed to improve normality; latency to leave the refuge and

latency to disperse were log transformed and proportion of time

spent mobile was arcsine (asin(sqrt[x])) transformed. For each

model, we assessed normality by visual inspection of normal

quantile plots, and assessed model fit by visually examining

diagnostic plots of residual vs. fitted values using base R plotting.

The significance (p-values) offixed effects was obtained usingWald

tests, using the function ‘Anova’ in the package car. Parameter

estimates and 95% confidence intervals for all fixed effects are

reported in the Supplementary Material. All statistical analyses

were conducted in R Version 1.1.463 (R Core Team, 2018).
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2.8 Ethical note

All procedures outlined in the present study were assessed

and approved by the University of Wollongong Animal Ethics

Committee (Protocol Number AE18/15) and authorized by the

New South Wales National Parks and Wildlife Service (License

Number SL102197). Reintroductions were carried out in

accordance with the national corroboree frog recovery plan.
3 Results

3.1 Latency to leave the refuge

Across the four diet treatment groups, latency to leave the

moss refuge ranged from 0.195 to 600 seconds (mean ± SEM =

121.836 ± 16.286). We found no significant effect of diet

treatment on latency to leave the refuge (LMM: X2
3 = 4.010,

p = 0.260, Figure 2; Supplementary Table 1). There was also no

effect of clutch on latency to leave the refuge (LMM: X2
7 = 13.885,

p = 0.053, Supplementary Table 1). However, there was a

significant effect of body weight on latency to leave the refuge

(LMM: X2
1 = 5.225, p = 0.022, Supplementary Table 1), whereby

smaller individuals had a shorter latency time and left the moss

refuge sooner (Figure 3).
3.2 Proportion of time spent mobile in
release apparatus

Across all four diet treatment groups, the proportion of time

spent mobile by individual frogs within the release apparatus

ranged from 0 to 0.987 (mean ± SEM = 0.545 ± 0.025). There

was no significant effect of dietary treatment on the proportion

of time spent mobile in the release apparatus (LMM: X2
3 = 1.830,

p = 0.609, Figure 2; Supplementary Table 2). Similarly, there was

also no effect of clutch (LMM: X2
7 = 6.627, p = 0.469,

Supplementary Table 2) or body weight (LMM: X2
1 = 0.077,

p = 0.782, Supplementary Table 2) on the proportion of time

spent mobile within the release apparatus.
3.3 Latency to disperse

Across all diet treatment groups, latency to disperse into the

field enclosure ranged from 18.9 to 600 seconds (mean ± SEM =

382.452 ± 20.736). There was no significant effect of dietary

treatment on latency to disperse (LMM: X2
3 = 2.935, p = 0.402,

Figure 2; Supplementary Table 3). Likewise, there was no

significant effect of clutch (LMM: X2
7 = 9.739, p = 0.204,

Supplementary Table 3), or body weight (LMM: X2
1 = 0.808,

p = 0.369, Supplementary Table 3) on latency to disperse.
Frontiers in Conservation Science 07
4 Discussion

A growing number of studies suggest that exploration

behavior can be an important determinant of post-release

fitness, yet knowledge regarding the proximate mechanisms

underpinning variation in this trait remains limited. In

particular, we know very little about how environmental

conditions in captivity, such as diet, influence exploratory

behavior in a reintroduction context. Here, we aimed to

determine whether supplementation with dietary b-carotene in
captivity influenced exploration behavior at the time of release in

the critically endangered southern corroboree frog, P.

corroboree. This was achieved by conducting a manipulative

dietary experiment where individual diets were supplemented

with different concentrations of b-carotene for an extended

period (40 weeks) prior to release. Assuming that exploration

behavior is energetically demanding (Kelleher et al., 2019), and

that b-carotene reduces oxidative stress and improves

physiological functioning and exercise performance (Ogilvy &

Preziosi, 2012), we predicted that individuals receiving a higher

dose of b-carotene would be more exploratory upon release.

Contrary to this prediction, our results showed there was no

effect of diet treatment on any of the response variables

measured (mean latency to leave the initial starting refuge, the

proportion of time spent mobile in the release apparatus, or the

latency to disperse into the release environment). Interestingly

however, there was a significant effect of body size on latency to

leave the refuge, whereby smaller individuals left the refuge

more rapidly.

Our findings provide no evidence that dietary b-carotene
improves exercise performance and promotes exploration

behavior in P. corroboree. This was unexpected because our

past dietary studies with P. corroboree have demonstrated that a

mixed carotenoid dietary supplement (administered at a

comparable dose to the present study, 1-1.5 mg/g) improved

P. corroboree escape response performance and exercise

endurance during both aquatic and terrestrial escape response

trials (Silla et al., 2016; McInerney et al., 2017). The discrepancy

in findings between our lab studies and present field study may

have arisen because complex environmental conditions at the

release site elicited more variable behavioral responses,

regardless of an individual’s diet and physiological state. This

may have occurred, for example, if individuals were subjected to

various combinations of unfamiliar visual, acoustic and olfactory

stimuli that differentially affected decision making and inflated

variation in movement behavior (for a review of extrinsic factors

contributing to individual differences in movement behavior see

Shaw, 2020). Alternatively, the methods we employed in the

present study may have limited our capacity to detect

treatment effects.

Positive effects of carotenoids may depend on the type of

carotenoid administered (McInerney et al., 2019). It is certainly
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FIGURE 2

The effect of diet treatment (T0, T1, T2 and T3) on (A) latency to leave the refuge (seconds), (B) proportion of time spent mobile in release
apparatus and (C) latency to disperse into field enclosure (seconds) in adult P. corroboree. The box plots show the median, 25th and 75th

percentiles, the whiskers indicate values within 1.5 times the interquartile range. The cross represents the mean value and the circles are
outliers. Data shown are untransformed. Diet treatments were: T0 (0mg/g b-carotene, n = 30), T1 (1mg/g b-carotene n = 31), T2 (2mg/g b-
carotene n = 28) and T3 (3mg/g b-carotene, n = 26).
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possible that b-carotene has no or little positive effect on exercise

performance in P. corroboree, with our earlier finding that frogs

benefit from consuming a mixed carotenoid supplement

possibly linked to the consumption of other types of

carotenoids (e.g lutein or zeaxanthin). In support of this

notion, McInerney et al. (2020) tested the effect of b-carotene
at low and moderate doses (0.1 mg g-1 and 1 mg g-1) on larval P.

corroboree burst speed and distance travelled in escape response

trials, and found no evidence for enhanced performance. It is

possible that P. corroboree may be unable to process and utilize

b-carotene as effectively as other carotenoids. However, this

seems unlikely, because we have previously shown that b-
carotene administered at 1 mg g-1 expedited developmental

rate in P. corroboree, whereby larvae consuming b-carotene
metamorphosed sooner (McInerney et al., 2019). Given this

result, an alternative reason why we did not detect a positive

effect of b-carotene on exploration behavior might be that there

is a sensitive phase in development during which access to

dietary carotenoids has a disproportionate effect on the

expression of behavior (Noguera et al., 2015; Kelleher et al.,

2019; McDermott & Safran, 2021). Individuals were only

exposed to b-carotene following metamorphosis, so the

possibility exists that b-carotene could have an effect on

behavior if supplied during the larval life stage. Such life stage-

dependent effects of dietary carotenoids (including b-carotene)
on trait expression have been reported previously in frogs (see

Keogh et al., 2018; Kelleher et al., 2019). For instance, our

previous laboratory study in P. corroboree found that the

availability of a mixed carotenoid supplement during the larval

life stage affected the amount of among-individual variance in

adult exploration behavior, suggesting that nutritional

conditions experienced early in life can have long-term effects
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on the development of adult behavioral phenotypes (Kelleher

et al., 2019). With this in mind, testing for life stage dependent

effects (as well as testing different doses and carotenoid types)

would be a valuable avenue for future research.

Another alternative explanation to consider is that b-
carotene was preferentially invested in other traits (sensu the

“carotenoid trade off hypothesis”) (Lin et al., 2010; Koch et al.,

2019). If access to carotenoids is limited (e.g. because the doses

used were too low), individuals may have strategically allocated

b-carotene to traits that have a greater impact on fitness, such as

growth or immunity (Baeta et al., 2008). Moving forward, it

would be valuable to test the effect of b-carotene on exploration

behavior after supplementing diets with doses exceeding those

tested in the present study. Saying this, we caution against

administering b-carotene at extremely high doses because this

could potentially cause harm. In a study of growth and

development in the Booroolong frog (L. booroolongensis),

Keogh et al. (2018) reported that b-carotene administered at

1mg/g had a positive effect on growth and development, but

when administered at 10mg/g had negative effects. In the

absence of any beneficial effects of b-carotene on exploration

behavior at higher doses, research attention should turn towards

testing the effects of mixed carotenoid supplements on

exploration behavior at the time of release. We make this

recommendation given that dietary supplements containing

carotenoid mixes have been found to improve P. corroboree

physiological performance under controlled lab conditions (Silla

et al., 2016; McInerney et al., 2017).

An alternative reason why we failed to detect any effect of

dietary b-carotene on post-release exploration behavior may

relate to the approach we used to assay exploration behavior. In

principle, dietary carotenoids are predicted to improve
FIGURE 3

The relationship between body size (grams) and latency to leave the moss refuge (seconds) in adult P. corroboree (n = 115). Data shown are
untransformed.
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performance by acting as antioxidants and mitigating oxidative

damage when there is a significant increase in reactive oxygen

species production during intense or prolonged physical activity

(Arnold et al., 2010). If assays fail to sufficiently challenge test

subjects, benefits of supplementation might go undetected. For

example, in budgerigars (Melopsittacus undulatus) benefits of

antioxidants on flight performance were only detected for the

most strenuous exercise tests over an eight-week period (Arnold

et al., 2010). In the present study, frogs were only monitored for

a very brief period (10 minutes) at the time of release. During

this brief novelty-based test, variation between individuals in

exploration behavior may have been largely underpinned by

cognitive differences that influence behavioral responses to

novelty (e.g. fear and spatial neophobia), which resulted in a

lack of difference in mean exploration behavior between diet

treatment groups (Carter et al., 2013; Greggor et al., 2015).

Arguably, it might have been more informative to quantify the

effect of b-carotene on exploration behavior over a longer time

frame, such as distance travelled throughout the field enclosure

over several hours or days. Moreover, it may also be beneficial to

take repeated measures of exploration behavior post release; as

our previous study in a different captive population of P.

corroboree found that the availability of a mixed carotenoid

supplement (at different life stages) influenced individual

variation in adult exploration behavior in a novel environment

test (both at the among- and within-individual level), without

affecting the mean behavioral phenotype of diet treatment

groups (Kelleher et al., 2019). Therefore, the possibility

remains that variation in dietary b-carotene may also influence

exploration behavior in a reintroduction context but at the

among- or within- individual level; with any treatment effects

not detectable at the population level, as measured in the present

study (Han & Dingemanse, 2017; Kelleher et al., 2019). In future

studies, one approach toquantify individual variation inmovement

behavior post releasemight be tofitfield enclosureswitha systemof

motion-sensor video cameras and use the unique dorsal patterns

displayed by P. corroboree to quantify individual variation in

exploration behavior. This approach would also allow the

survival of individuals to be determined, allowing investigation

into relationships between antioxidant intake and viability, and

between exploration behavior and survival. Until further assays

have beenperformed,we cannot rule out the possibility that dietary

b-carotene influences P. corroboree exploration behavior in a

reintroduction context.

Despite finding no evidence that b-carotene influenced

exploration behavior, we found a relationship between body size

and latency to leave the initial refuge, whereby smaller frogs left

the moss refuge more rapidly. This finding is in line with ‘state-

dependent behavioral models’ which propose that body size is an

intrinsic state variable that can influence the costs and benefits of

different behavioral decisions (Dingemanse &Wolf, 2010; Nyqvist

et al., 2012; Sih et al., 2015; Kelleher et al., 2017). There may be

several explanations for the relationship we observed. One
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possibility is that smaller individuals are less capable of

tolerating reductions in activity due to smaller energy reserves

and a greater risk of starvation (Preisser & Orrock, 2012). If so,

smaller individuals may have been more motivated to leave the

refuge to forage. Smaller frogs may also have been less risk averse.

Body size can have strong effects on an individual’s vulnerability

to predation, and there is evidence within species that smaller

individuals are less susceptible to predation and less sensitive to

perceived predation risk (Stankowich and Blumstein, 2005). In

various species, smaller individuals can be harder for predators to

detect, and predators may also preferentially target larger prey

because they are more profitable (Stankowich and Blumstein,

2005; Preisser & Orrock, 2012). Smaller individuals may also be

able to more effectively evade predators because they can more

rapidly accelerate and manoeuvre, reflecting scaling related

changes in power: mass ratios (Stankowich and Blumstein,

2005; Preisser & Orrock, 2012). Therefore, in our release

context, smaller less vulnerable individuals may have been more

willing to take risks to leave the familiar refuge and explore the

surrounding environment. It should be noted, however, that

arguments can also be made for body size having the opposite

effect on exploration behavior. Larger individuals might be more

motivated to explore because they have a higher metabolic rate

and higher energy requirements (Riemer et al., 2018). Moreover,

larger individuals may be less susceptible to predation (and less

risk averse) either because they possess better developed anti-

predatory defenses (Stankowich and Blumstein, 2005), or because

predators are more likely to target smaller individuals that are

easier to consume (Preisser & Orrock, 2012). In the absence of in-

depth knowledge regarding relationships between body size and

fear responses in P. corroboree, an alternative explanation for

small frogs leaving the refuge sooner is that the frogs were

sensitive to abiotic conditions within the refuge, with the speed

of response being body-size dependent. In anuran amphibians,

smaller individuals can be more sensitive to heat stress and

desiccation (Tracy et al., 2010). If this is the case for P.

corroboree, smaller individuals may have left the refuge sooner

to avoid physiological costs arising from suboptimal conditions

(Martin & Lopez, 1999).

Relationships between body size and exploration behavior have

been reported previously for P. corroboree. Working with a

different captive population to that studied here, Kelleher et al.

(2017) reported that larger individuals were more exploratory.

Body size explained 40% of the between-individual variance in

exploration behavior, with larger frogs exhibiting greater mobility

and travelling further in a novel environment (Kelleher et al.,

2017). Given we found that body size had no effect on either time

spentmoving or latency to disperse into the release enclosure, there

is reason to suspect that the effect of body size on certain measures

of exploration behavior in P. corroboree is context dependent. It is

unclear why larger frogs were more exploratory than smaller frogs

in the captive environment in the previous study, but not during

release in the present study. Presumably the costs and benefits of
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movement and exploration behavior change in different contexts

(e.g. social versus nonsocial) and environments (e.g. captivity

versus the wild), as reported for other species (van Oers et al.,

2005). Regardless of the reason, these differences emphasize the

complexity of animal behavior, and the benefit of studying

individual differences in behavior across various contexts. From a

conservation perspective, our findings are insightful because they

suggest that managers might be able to manipulate individual

behavioral responses at reintroduction by releasing frogs at certain

body sizes or life stages. For instance, if smaller frogs are more

exploratory and disperse more rapidly it may be beneficial to

release frogs soon after metamorphosis. This approach might

increase the probability that frogs quickly find suitable habitat

and thrive. Such associations have been reported for other taxa

(Banks et al., 2002; Haage et al., 2017; Germano et al., 2017; Allard

et al., 2019). Saying this, there may be tradeoffs to consider because

body size and/or life stage might influence prospects of survival in

several different ways. For instance, larger individuals with greater

fat reserves might have a higher probability of over winter survival

(Valenzuela-Sánchez et al., 2015), and older frogs might have

stronger warning coloration and be less susceptible to predation

(Walton et al., 2021). Clearly, it is too early to make clear

recommendations to managers and more work is needed to

understand the costs and benefits of releasing frogs at different

body sizes and/or life stages. With the goal of optimizing release

strategies for southern corroboree frogs, this research should

be prioritized.

More broadly, to the best of our knowledge the present study is

the first to explore whether supplying dietary carotenoids in

captivity can influence behavior upon reintroduction. While we

didn’t find any evidence for a beneficial effect of carotenoid

consumption, this may have been related to the type of

carotenoid or life stage tested, the dose used or aspects of the

behavioral assay employed. As such, we strongly encourage more

work in this area, particularly given the widespread evidence for

positive effects of carotenoid consumption on vertebrate

performance and fitness (Richardson et al., 2019). Work of this

nature will directly align with the recent push to better integrate

animal behavior into conservation strategies (Berger-Tal et al.,

2011; Greggor et al., 2019). Beyond studying how manipulating

behavioral phenotypes in captivity can improve post release

performance and survival (e.g. Shier and Owings, 2006; Vargas

and Anderson, 1999; Beck et al., 2002; Richardson et al., 2019),

there are numerous ways that behavioral research stands to aid

conservation efforts. Most notably, behavioral research can help

conservation managers to; (1) better understand how well animals

acclimate to captive environments (Clubb & Mason, 2007;

Yamanashi et al., 2016) (2) select optimal behavioral types and

sex ratios for captive breeding and reintroduction (Robertson et al.,

2006; Kelleher et al., 2018), (3) more effectively control invasive

species (Hurley et al., 2015) and (4) predict individual and

population level responses to agents of environmental change,

including habitat fragmentation, habitat pollution, and the
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introduction of invasive predators and pathogens (Greggor et al.,

2016; Adams et al., 2019; Berger-Tal et al., 2019). Behavioral

studies can also help identify the optimal composition of social

groups for translocation and help evaluate the success of

reintroduction efforts (Berger-Tal et al., 2011). Harnessing

evolutionary theory to build a robust conceptual framework,

continued integration of animal behavior research into

conservation stands to inform and vastly improve the success of

in-situ and ex-situ conservation management programs globally.
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