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Absrac
Zoological insuons are increasingly relied upon or ex siumanagemen o species a risk,
wih conservaon breeding and reinroducon programs providing boh assurance agains
exncon and a reliable source o ospring o reinorce wild populaon sizes. Ex siu eors
ace many challenges, however. One ofen overlooked challenge is balancing genec priories,
like reaining genec diversiy and reducing inbreeding, wih reproducve priories, like mae
compabiliy and reliable breeding, boh o which are required or a successul program. Like
many amphibians, he Oregon Spoed Frog (Rana preosa) is highly hreaened in is nave
habia and ongoing conservaon breeding and reinroducon programs are experiencing
limied success; he genec susainabiliy o hese populaons remains unassessed. In his
sudy, I evaluaed he genec healh o boh zoo and wild populaons o R. preosa in Canada
and invesgaed some poenal causes o he ongoing ex siu reproducve ailures associaed
wih egg binding. I ound ha zoos have mainained sable genec merics relave o heir wild
sources, bu ongoing collecons rom wild populaons should be reassessed due o low genec
diversiy available herein. No clear causes o egg binding were elucidaed bu I ound older
emale rogs (> 3 years old) who became egg bound generally had a higher body mass han
conspecics, while body mass did no dier in emales becoming egg bound in heir rs
breeding season (2-3 years old). This suggess rogs should be moniored or egg binding and
changes in body condion dierenly depending on heir age. Overall, here were no signican
dierences in genec or reproducve healh across he hree zoo conservaon breeding
populaons, bu scaled mass index was signicanly lower in he zoo wih larger holding anks
and less genec managemen: a reminder o he imporance o husbandry and environmen in
conservaon breeding program oucomes. The coss and benes o sric genec managemen
vs. a more communal breeding approach should be careully considered in ligh o hese resuls.
Along wih more cohesion, communicaon is required beween all involved insuons o have
an eecve impac on he conservaon o Oregon Spoed Frogs in Canada, he
recommendaons discussed here have applicabiliy o amphibian ex siu programs worldwide.
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Lis of Tables
Table 1.1. Mean genetic diversity indices with standard error for Oregon Spotted Frog populations calculated from a total of
22,230 SNPs. The first two rows display average values for combined zoo (from populations TZ, VA, GVZ) and wild (from
populations EK, MS, MV, MT, ST) individuals respectively. N = sample size, Ho = observed heterozygosity, F = inbreeding
coefficient, Ne = effective population size. The number of breeding adults (Nb) was determined by egg mass surveys for wild
populations and represented the total number of adults for zoo populations.

Table 1.2. Mean Fs esmaes (range in brackes) across Oregon Spoted Frog SNPs. Zoo populaons are: Vancouver Aquarium
(VA), Greaer Vancouver Zoo (GVZ), and Torono Zoo (TZ). Wild populaons are: Elk Brook (EK), Maria Slough (MS) and Morris
Valley (MV). Two wild populaons were no included due o low sample size (ST and MT).

Table 2.1. Oregon Spoted Frog ollicular grades over he 2022 breeding period (n=35). Reproducve oucomes were: egg bound
(EB), egg reenon (ER), laid eggs (LA), or no maure ollicles developed (NF).

Lis of Figures
Figure 1.1. The remaining wild populations of Oregon Spotted Frog in British Columbia, Canada. Each population is indicated by
a red circle within the known watershed (coloured green), with the estimated breeding population size (Nb) from egg surveys in
2022. McLennan is still considered extant but no egg masses or frogs have been seen since 2017.

Figure 1.2. Genetic diversity estimates for all Oregon Spotted Frog populations sampled in Canada. Mean estimates of a)
observed heterozygosity (Ho), and b) inbreeding coefficients (F) at five wild (EK, MS, MV, MT, ST) and three zoo (TZ, VA, GVZ)
populations.

Figure 1.3. Heterozygosity loss through time in three wild populations of Oregon Spotted Frog. The proportion of remaining
heterozygosity (Ht/Ho) was inferred from effective population size estimates (Ne) for T = 20 to T = 200. Generation time (T) for
OSF is 2 years.

Figure 1.4. Principal component analyses of Oregon Spotted Frog populations. Each axis indicates the amount of variation
respectively explained in the data. a) and b) contain all sampled populations coloured by their genetic source, with wild-caught
frogs indicated by circles and frogs sampled in zoos indicated by triangles. Cross-bred zoo rogs are indicaed by an ‘x’ in he
name (e.g. Aldergrove x Maria Slough). Zoo rogs wih unknown parenage are indicaed as “unknown” or according o heir
respective zoo (if many-generations zoo-born). c) and d) conain only he hree wild populaions wih ≥ 17 samples.

Figure 1.5. ADMIXTURE population structure analysis with individuals grouped by population for a) wild (EK, MS, MV, MT, ST)
and zoo populations (TZ, VZ, GVZ) from K=8 to K=10, and b) wild populations (MS, MV, EK, MT, ST) for K=3 where K is the
inferred number of ancestral populations.

Figure 2.1. Average snou-ven lengh (SVL; measured venrally) by snou-urosyle lengh (SUL; measured dorsally) o 24 emale
Oregon Spoted Frogs rom Vancouver Aquarium. Each poin indicaes he average o hree measuremens aken in sequence in
Ocober 2022.

Figure 2.2. Follicular developmen grading scheme or he Oregon Spoted Frog wih our sages o developmen displayed A)
hrough D). Coloured arrows are explained in each image legend.

Figure 2.3. Necropsy o an egg bound Oregon Spoted Frog. The ulrasound image (A) was aken immediaely prior o deah and
he necropsy (B-C) perormed once deah was conrmed. Reained eggs were ound loose in he body caviy on he righ side (D),
and in he lef ovisac (E). Eggs are labelled in (C) as being removed rom he righ side (R) or lef side (L).

Figure 2.4. Grades o ollicular developmen rom ulrasonography on OSF a Vancouver Aquarium (VA) and Greaer Vancouver
Zoo (GVZ). A) The rs ulrasound images were aken on March 2 a GVZ and March 7 a VA. B) The second round o ulrasound
images was aken on March 29 a GVZ and March 25 a VA. By he second ulrasound, mos GVZ rogs had already laid heir
eggs so a hird ulrasound was no aken, bu no viable eggs had been laid a VA. C) The hird round o ulrasound images was
aken only a VA, on April 13. Follicular grade 4 was assigned pos-hoc o EB OSF once deceased.

Figure 2.5. Disribuon o egg binding cases across overwinering reamen groups or Oregon Spoted Frogs a he Vancouver
Aquarium. Treamen groups had varying levels o exposure beween male and emale OSF. Frogs were separaed in Conrol, had
circulang waer beween separae anks in Hormone and shared a clear wall in separae anks in Visual. The H+V had boh
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Hormone and Visual exposure, and in Physical +HV he sexes were ogeher or he whole overwinering period. The Solo
reamen had one emale per ank. Oucome reers o he reproducve oucome o each OSF a he end o he breeding season
(EB, ER, LA, NF).

Figure 2.6. Scaled mass index based on mass and snou-ven lengh or emale Oregon Spoted Frogs in 2020-2021. Pre-
brumaon esmaes were measured in he all (Oc-Dec) while pos-brumaon esmaes were measured in he spring (Feb-
May). Zoo sample sizes (GVZ, TZ, VA) do no represen he whole emale populaon bu hose available and measured in each
season respecvely. The wild caegory conains all wild emale OSF capured hrough regular populaon monioring in 2021,
including individuals romMaria Slough, Morris Valley, and Chaplin.

Figure 2.7. Scaled mass index or emale OSF he zoo populaons A) VA and B) GVZ, measured in 2020-2021. Pre-brumaon (all)
includes measuremens rom 2020 and 2021 while pos-brumaon (spring) includes measuremens rom 2021 only. Individual
OSF who became egg bound any me rom 2020-2022 were couned as egg bound (EB) or all SMI esmaes, while all ohers
were considered non-EB.

Figure 2.8. Mass changes in emale OSF as hey age a A) Vancouver Aquarium and B) Torono Zoo. Individual rogs were
idened as egg bound (darker circles) or non-egg bound (ligher riangles) by zoo necropsy repors. A quadrac regression is 
o he individual daa poins and he shaded area represens each line’s respecve 95% condence inerval. Group sizes varied
wih A) 12 EB and 74 non-EB OSF rom TZ, and B) 167 EB and 303 non-EB rom VA. Frog weighs were colleced pre-brumaon
(Oc-Dec) rom 2010-2021.

Figure 2.9. Follicular grades by reproducve oucome or emale Oregon Spoted Frogs a Vancouver Aquarium. Panels B)
hrough D) show he disribuon o reproducve oucomes by ollicular grade, deermined by ulrasound, on days 00 (B; he day
prior o being pu wih males in breeding groups), 18 (C), and 54 (D; he end o he breeding season). Grades range rom 0 (no
ollicular developmen) o 3 (maure eggs), wih grade 4 assigned pos-hoc o EB individuals afer heir deah. The NA in D)
indicaes an OSF who died due o causes unrelaed o egg reenon. The black circles in A) indicae he mean ollicular grade.

Figure 2.10. Pos-brumaon mass o emale OSF held a Vancouver Aquarium (n=35). Frogs were weighed in March 2022,
immediaely prior o heir breeding season. Age, rom he me o weighing, is grouped by 3 years-old (ypically rs-me
breeders) and 4+ years-old o aid analysis.

Figure 2.11. Disribuon o amplexus conac evens by ollicular grade. Even duraons are ouch < 0.14 hrs, 0.14 < atemp > 4
hrs, exended > 4 hrs. Sample sizes dier beween ollicular grade: grade 0 (n=5), 1 (n=11), 2 (n=12), 3 (n=7). Coun scales (y-axis)
dier, wih he majoriy o conac evens being ouch.

Figure 2.12. The percenage o conac evens according o OSF reproducve oucomes. Each coun represens conacmade on
a emale OSF by a male. The duraon o his conac is classied as eiher ouch (< 0.14 hrs), atemp (0.14 < x > 4 hrs) or
exended (> 4 hrs). The same male may conac a emale more han once in a row; each is couned as unique conac. Sample
sizes diered beween reproducve oucomes: EB (n=8), ER (n=12), LA (n=3), NF (n=5).
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General Inroducon
Zoological Conservaon
Human acons have driven more species owards exncon now han ever beore (IPBES,
2019), wih many requiring acve managemen boh in siu (in he wild) and ex siu (i.e. in zoos
and aquaria; hereafer “zoos”). Ye, while conservaon science has ofen priorized in siu
eors, deeming mehods such as capve breeding as a las resor (Snyder e al., 1996), he role
o zoos has become increasingly more imporan and more acceped (Conde e al., 2011). Zoos
provide a unique setng or research and conservaon o wildlie (Lewis e al., 2019), hosng
capve populaons boh as assurance agains exncon and or conservaon breeding.
Breeding programs srive o increase reproducve oupu by releasing capve-born ospring o
reinorce wild census populaon size (Palm e al., 2003; Osborne e al., 2006) and provide me
or hreas in he species’ nave habia o be reduced or migaed.

In-siu and ex-siu acons complemen and rely upon one anoher, and hus, should be planned
and managed collaboravely (Byers e al., 2013; Johnson e al., 2020). Mainaining ex siu
populaons invariably has many challenges, parcularly or endangered species where
populaons are ounded wih ew individuals, putng hem a higher risk o inbreeding and he
concomian loss o ness (Kraaijeveld-Smi e al., 2006). Animals can also become adaped o
capviy (Gilligan and Frankham, 2003; Heah e al., 2003), wih ex siu condions ofen causing
changes in behaviour, physiology, and morphology (O’Regan and Kichener, 2005; Schule-
Hosedde and Masromonaco, 2015). Due o he inheren genec risks o breeding small groups
o animals, many conservaon breeding programs are inenonally designed or genec
susainabiliy, wih sandards around genec diversiy, inbreeding and eecve populaon sizes
(Ne) being well oulined i no always achievable (Lees and Wilcken, 2009). These species
managemen goals ocus on reaining sucien genec poenal wihin curren and uure
generaons, bu ofen neglec he necessiy o reliable breeding or opmal genec goals o be
realized (Asa e al., 2011). Many ex siu programs are iniaed when knowledge o he species’
lie hisory remains scarce and suiabiliy o ex siu breeding has no been evaluaed, which can
grealy impede program oucomes (Michaels e al., 2014; Bradeld e al., 2022) as i leaves
careakers o discern any necessary reproducve cues or condions afer he ac (Kouba e al.,
2009). Ye, even where cues can be deermined, close genec managemen ofen comes a he
expense omore naural mang sysems, removing mae-selecon and alering or obscuring
many behavioural and environmenal smuli (Asa e al., 2011). Allowing more naural mae
selecon can improve reproducve success by avoiding mae incompabiliy (Asa e al., 2011),
which can improve ospring ness bumay incidenally decrease Ne due o increased
variabiliy in amily sizes (Wedekind, 2002). Furhermore, even i breeding is successul over
mulple generaons (Carrillo e al., 2015), he evoluonary conex (Schule-Hosedde and
Masromonaco, 2015) and physiological consequences o an ex siu exisence (O’Regan and
Kichener, 2005) ofen go unassessed.

Amphibians ex siu
The number o ex siu amphibian collecons has increased signicanly over he pas wo
decades (Conde e al., 2011; Dawson e al., 2016) in response o he global exncon crisis
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acing amphibians (Suar e al., 2004). These precipious declines are driven by complex, ofen
synergisc acors predominanly anhropogenic in naure (Gascon e al., 2007; Green e al.,
2020). While many o hese hreas can and are being addressed in siu, ohers (e.g. inecous
diseases) remain irreversible (Smih and Suherland, 2014). The suiabiliy o amphibians or ex
siu conservaon, however, has recenly been called ino queson (Tapley e al., 2015; Bradeld
e al., 2022). While amphibians have relavely low holding coss, high reproducve oupu, and
high conservaon impac (Bloxam and Tonge, 1995), hey also have unique lie cycles, ofen
requiring species-specic proocols in human care (Kouba e al., 2009). Amphibians rely on a
variey o behavioural and environmenal cues o rigger reproducon (Ulloa e al., 2019), are
ofen managed in large groups, and breed communally, making boh genec managemen and
reproducve success challenging (Kouba e al., 2009; Carrillo e al., 2015). Reproducve ailures
(ex. egg reenon) are increasingly common in amphibian breeding programs (Kouba e al.,
2009), bu he causes o hese ailures are rarely known. Assised reproducve echnologies
(ART) are increasingly relied upon or individual wellbeing, o rea or preven reproducve
dysuncon, and or genec managemen (Kouba e al., 2009; Graham e al., 2018); however,
hey should no be used as an alernave o he replicaon o naural environmens (Calaayud
e al., 2018; Silla e al., 2021).

The Oregon Spoted Frog, Rana pretosa
Conservaon breeding and reinroducon programs were esablished or he Oregon Spoed
Frog (OSF) in 2010 in response o is emergency designaon as Endangered in Canada in 1999; a
saus re-examined and conrmed in 2000 and 2011 (COSEWIC, 2011). These aply named
anurans rarely leave he waer and ofen selec he same shallow, hermally sable oviposion
sies year afer year or heir communally laid egg masses (McAlliser and Leonard, 1997;
Phillipsen e al., 2010). Males ypically arrive a breeding sies rs and call o arac emales or
1-3 weeks afer spring ice-ou. The number o eggs laid is highly variable and he number o egg
masses per communal cluser can range rom 5 o 75 (Lich, 1969; McAlliser and Leonard,
1997). OSF have disappeared rom up o 90% o heir exrapolaed hisorical range (McAlliser
and Leonard, 1997), wih only six populaons remaining in Canada, wih ewer han 200
breeding pairs a each (Kendra Morgan, pers. comm.; Kissel e al., 2017). The connuous loss o
suiable welands, human inrusion and disurbance, invasive species, and polluon are only a
ew o he hreas aced by his species across is limied range wihin Brish Columbia
(COSEWIC, 2011; Environmen Canada, 2015). Two zoos and one aquarium now operae
independen bu coordinaed conservaon breeding and reinroducon programs or OSF, wih
adpoles successully bred and released since 2010. Despie his, all hree acilies have
hisorically experienced low reproducve perormance, a high incidence o reproducve
dysuncon (parcularly egg binding) and have no knowledge o heir curren or long-erm
genec susainabiliy.

Objecves
The producon o genecally healhy ospring is crical no only or demographic sabiliy in ex
siu populaons bu also or eecve reinroducon eors. Reenon o genec diversiy and
avoidance o inbreeding are imporan or reproducve success and overall ness, ye neiher
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zoo nor wild OSF populaons have been assessed in ha respec. My rs objecve was o
assess he genec make-up o boh ex siu and in siu populaons o deermine heir
susainabiliy and evaluae he managemen o wild populaons as genec sources or he zoo
populaons over he pas decade. To his end, I measured genec variabiliy, inbreeding
coeciens, and genec srucure rom DNA by buccal swabbing rogs rom boh zoo and wild
populaons o OSF. Genec variabiliy has implicaons no only or he adapve poenal o
capve-bred rogs being reinroduced o he wild, bu also or he long-erm susainabiliy o
hese programs and he species as a whole.

For such an endangered species, individual wellbeing wihin ex siu populaons is also crical
since wild sources are limied and should no be relied upon oo heavily or supplemenaon o
zoo populaons. Moralies resulng rom emale reproducve dysuncon (i.e. egg binding)
have become common in amphibian breeding programs (Kouba e al., 2009), bu he causes o
egg binding in parcular remain unclear and no ye invesgaed. Given he high incidence o
egg binding in OSF zoo populaons, my second objecve was o explore some o is poenal
causes, ocusing on emale body condion, ollicular developmen and amplexus behaviours. I
aimed o inorm and improve curren husbandry pracces in OSF ex siu populaons, provide
cohesiveness o curren Oregon Spoed Frog recovery eors across Canada, and ulmaely
shed much-needed ligh on a reproducve issue impacng amphibian breeding programs
worldwide.
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Chaper 1:

Ex siumanagemen sabilizes he genec healh of Canada’s mos
endangered amphibian, he Oregon Spoted Frog (Rana pretosa); bu is

i enough?
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Absrac
Reaining sucien genec variabiliy or boh shor and long-erm susainabiliy is a chie aim
o ex siu programs or hreaened species. Conservaon breeding and reinroducon programs
exis bu ofenmes lile is known abou he genec healh o in siu or ex siu populaons. We
colleced genec samples rom boh wild and zoo populaons o Canada’s mos endangered
anuran, he Oregon Spoed Frog (Rana preosa), and compared heir genec diversiy
(observed heerozygosiy (Ho), inbreeding coeciens (F), and eecve populaon sizes (Ne))
using single-nucleode polymorphisms (SNPs). We also assessed populaon srucure o inorm
curren breeding sraegies. We ound zoos have reained sable genec variabiliy despie he
low diversiy available in wild populaons (maximum Ho = 0.155), bu inbreeding levels remain
high in boh zoos and he wild and genec diversiy will be depleed rom wild populaons
wihin 50 o 100 generaons. Zoo populaons were less dierenaed rom heir wild source
populaons han he laer among hemselves, indicang sucien represenaon o wild
populaons in zoo populaons. The paerns we uncover suppor connued collaboraon o ex
siu and in siu endeavours as supplemenaon will likely be required or he long-erm viabiliy
o he very wild populaons he zoos rely on or genec susainabiliy.
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Inroducon
Human acons have placed more species a risk o exncon now han ever beore (IPBES,
2019), wih more and more species requiring acve managemen boh in siu (hereafer “wild”)
and ex siu (ex. zoos and aquaria; hereafer “zoos”). Ye, while conservaon science has ofen
priorized in siu eors, deeming mehods such as capve breeding a las resor (Snyder e al.,
1996), he role o zoos in conservaon has become increasingly more imporan and more
acceped (Conde e al., 2011). Zoos provide a unique setng or research and conservaon o
wildlie, hosng capve populaons boh as an assurance agains exncon and or he purpose
o conservaon breeding. The laer programs srive o breed ospring ex siu or release in siu,
hus boosng wild census populaon sizes and sanding genec diversiy (Palm e al., 2003;
Osborne e al., 2006); providing me or hreas in he species’ nave habia o be reduced or
migaed. As hese acons complemen and rely upon one anoher, hey should be planned
and managed collaboravely (Byers e al., 2013; Johnson e al., 2020).

Genecs in zoological conservaon
While an explici goal o breeding and reinroducon programs is he conservaon o genec
diversiy, here are inheren genec risks associaed wih breeding small groups o animals ex
siu and releasing hem ino he wild. Animals held ex siu may become adaped o capviy
(Heah e al., 2003; Frankham, 2008), experience reducons in eecve populaon size hrough
increased variance in amily size (Ryman and Laikre, 1991), and ace he concomian increased
risk o inbreeding depression (Falconer, 1981; Frankham, 1995). The release o zoo-sourced
individuals migh hen depress raher han improve he mean ness o he populaon(s) hey
supplemen and reduce he probabiliy o a species’ long-erm persisence (Osborne e al.,
2006). Thereore, a crical queson or all conservaon breeding programs is wheher hey are
improving, or a leasmainaining, he genec healh o wild populaons. To his end, zoo
populaons mus be demographically robus and genecally represenave o he wild
populaons hey are derived rom, and boh mus be managed or long erm susainabiliy (Lees
and Wilcken, 2009). I is generally acceped ha ex siu populaons should mainain 90% o wild
genec diversiy over 100 years and keep inbreeding levels below 0.125 o be considered
susainable (Soulé e al., 1986; Ballou e al., 2010). Inenonal managemen o breeding
populaons can also bring ex siu programs closer o a susainable eecve populaon size
(Lees and Wilcken, 2009) (generally, Ne o a leas 500), which is he number o individuals rom
he oal populaon size (N) conribung o he nex generaon (Wrigh, 1931). These hree
goals (rae o genec diversiy loss, F < 0.125, and Ne > 500) aim o reain sucien adapve
poenal in capve populaons o achieve long-erm ex siu persisence and produce ospring
suiable or supplemenaon or reinroducon eors (Lees and Wilcken, 2009). Measuring and
racking genec merics such as individual pedigrees, genec diversiy, inbreeding, and eecve
populaon size in ex siu populaons as well as in wild populaons aeced by ex siu pracces
is hus key. Indeed, a recen sudy ound ha he genec diversiy reained in ranslocaon
eors or small populaons could be signicanly improved by opmizing he composion o
individuals (Bragg e al., 2021). Such opmizaon no only requires basic genoyping o source
populaons bu is dependen on he genec variabiliy available wihin, as well as he level o
genec dierenaon beween populaons (Bragg e al., 2021). Undersanding he genec
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variabiliy available in all wild populaons is also crucial in idenying susainable source
populaons and ensuring hese genec lineages are mainained ex siu i heir survival in he
wild is a risk (Shaer e al., 2015). Thus, assessing genec healh in boh zoo and wild
populaons is essenal or inormed and eecve conservaon breeding and reinroducon
programs.

Amphibian exncon crisis
Globally, amphibians are more a risk o exncon han reples, birds, or mammals, acing a
suie o hreas including habia loss, invasive species, and several inecous diseases (Suar e
al., 2004; Green e al., 2020). Amphibian species are also parcularly prone o loss o genec
diversiy (Allenof and O’Brien, 2010); hey ofen have naurally low eecve populaon sizes
(Funk e al., 1999; Rowe and Beebee, 2004; Beebee and Grihs, 2005) which, coupled wih
heir overall populaon declines, leaves hem more vulnerable o genec drif and inbreeding
(Allenof and O’Brien, 2010). Habia ragmenaon, one o he mos severe hreas o
amphibians, reduces gene ow beween populaons, producing small sub-populaons in which
genec dierenaon increases bu genec diversiy erodes much aser (Hichings and
Beebee, 1997; Lesbarrères e al., 2006). Even in unragmened habia, local exncons are
common (Cushman, 2006) and naurally low dispersal raes (common o many amphibians)
increase he risks o genec drif (Allenof and O’Brien, 2010).

In he ace o hese hreas, amphibians are prime candidaes or ex siu breeding, due o heir
relavely low holding coss, high reproducve oupu, and high conservaon impac (Bloxam
and Tonge, 1995; Tapley e al., 2015). The number o amphibian collecons in zoos has
parcularly increased in response o chyridiomycosis, a deadly disease devasang wild
populaons o amphibians worldwide (Conde e al., 2011; Dawson e al., 2016; Esrada e al.,
2022). Ye, racking ex siu amphibian pedigrees, necessary or genec managemen, has
proven challenging because hey are ofen managed in large groups, breed communally, and
show high iner-individual variabiliy in reproducve oupu, making he reenon o genec
lineages dicul (Carrillo e al., 2015). One highly vulnerable species under ex siu managemen
is he Oregon Spoed Frog (Rana preosa; OSF), Canada’s mos endangered anuran (COSEWIC,
2011).

The Oregon Spoed Frog
The Oregon Spoed Frog had already been los rom as much as 90% o is exrapolaed
hisorical range by 1997 (McAlliser and Leonard, 1997; Environmen Canada, 2015) and he 6
remaining Canadian populaons are esmaed o have ewer han 200 breeding pairs each
(Kissel e al., 2017). The connuous loss o suiable welands, human inrusion and disurbance,
invasive species, and polluon are only a ew o he hreas aced by his species across is
limied range wihin Brish Columbia (COSEWIC, 2011; Environmen Canada, 2015). Moreover,
habia ragmenaon has lef all exan populaons genecally isolaed and suscepble o
inbreeding depression, urher loss o genec diversiy, and o sochasc evens (Allendor and
Luikar, 2007; Environmen Canada, 2015). Due o heir highly hreaened saus, OSF hus



 5 

require ex siu conservaon in addion o ongoing migaon o in siu hreas (Conde e al.,
2011).

Two zoos and one aquarium (hereafer “zoos”) esablished independen bu coordinaed
conservaon breeding and reinroducon programs or OSF in he 2000s, bu he genec
susainabiliy o hese ex siu populaons has no been assessed. The limied work on OSF
genecs ocused on populaons rom is American range, nding low genec diversiy in he
wild (Blouin e al., 2010; Phillipsen e al., 2010; COSEWIC, 2011). Daa colleced in 2009
suggesed ha Canadian populaons were disnc rom American ones, displayed small
eecve populaon sizes, and were likely experiencing inbreeding (Blouin pers. comm. 2009 in
COSEWIC 2011). Since collecng individuals rom already genecally impoverished populaons
ino capviy can depress populaon sizes, increasing he risk o inbreeding and genec drif
(Willoughby e al., 2015), i is imperave o assess he curren level o genec diversiy in boh
zoo and wild OSF populaons.

Using Genoyping-By-Sequencing (GBS), we invesgaed paerns o genec variabiliy and
srucure in boh ex siu and in siu populaons wih he goals o (i) assessing wheher his
measured variabiliy migh be sucien or long erm genec susainabiliy o he species in
Canada and (ii) inorming reinroducon eors based on curren populaon srucure. We
compared genec diversiy beween and among hree zoo and ve wild OSF populaons,
predicng ha i could be eiher lower in zoos due o ounding eecs or higher due o cross-
breeding o dierenaed wild sources. We also esmaed he eecve populaon sizes (Ne) o
boh wild and zoo populaons and calculaed heir inbreeding coeciens (F). We prediced
zoos would have relavely high Ne due o managemen o populaon demographics, bu higher
F han wild populaons due o ewer mang opons beween non-relaed individuals in he
zoos. Finally, we assessed wild OSF populaon srucure o inorm ex siu demographics and
breeding sraegies, predicng each populaon would be highly dierenaed due o heir
isolaed locaons, limied dispersion capabilies, and small Ne-induced drif.

Resuls
Genec Diversiy
Based on oal DNA exraced rom 322 individuals we consruced a GBS library (using
Psl/Mspl resricon enzymes), perormed Illumina Novaseq sequencing, lered he raw daa,
and called single nucleode polymorphisms (SNPs) wih STACKS v.2.62 (Cachen e al., 2013)
(denovo mode). This resuled in a oal o 22,230 SNPs genoyped across 321 samples rom
hree zoo and ve wild populaons (Fig. 1.1). Fewer han 95 SNPs had alleles unique o he zoo
or wild caegories. The mean observed heerozygosiy by populaon ranged rom 0.124 (MV) o
0.155 (ST) wih he hree zoo’s Ho ranging rom 0.129-0.130 (Table 1.1). Zoo (n=239) and wild
(n=82) samples did no dier in mean Ho (Kruskal-Wallis es p=0.45). Pairwise comparisons o
populaons idened EK as having signicanly greaer Ho han MS (one-way ANOVA wih pos-
hoc Tukey HSD, p=0.01), MV (p=0.002), GVZ (p=0.03), and VA (p=0.01), alhough he small
sample size or ST (n=3) limied he sascal power (Fig. 1.2a).
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Figure 1.1. The remaining wild populations of Oregon Spotted Frog in British Columbia, Canada. Each population is indicated by
a red circle within the known watershed (coloured green), with the estimated breeding population size (Nb) from egg surveys in
2022. McLennan is still considered extant but no egg masses or frogs have been seen since 2017.

Inbreeding coeciens (F) ranged rom 0.083 (ST) o 0.268 (MV; Table 1.1). EK’s (F) was
signicanly lower han ha o all oher populaons excepMT, ST, and TZ (one-way ANOVA,
p=0.0005; signican pos-hoc Tukey HSD comparisons: EK:MS p=0.01, EK:MV p=0.002, EK:GVZ
p=0.03, EK:VA p=0.01). ST’s F was lower han EK’s bu no signicance was ound due o low
sascal power (n=3; Fig. 1.2b). Zoo and wild caegory inbreeding coeciens did no
signicanly dier (Kruskal-Wallis p=0.45) wih values o 0.24 and 0.23, respecvely. Eecve
populaon sizes (Ne) or populaons wih a leas 15 individuals ranged rom 4.4 (MS) o 19
(MV) in he wild (Ne was no calculaed or MT and ST due o low sascal power), and were
16.1, 31.8, and 34.8 or TZ, GVZ, and VA, respecvely (Table 1.1). Ineresngly, he breeding
populaon sizes (Nb) esmaed rom egg mass surveys were much larger han he esmaed Ne
values (Table 1.1). Using esmaed Ne values, we projeced he loss o heerozygosiy over me
and observed haMS is expeced o lose all genec diversiy in 50 generaons (one generaon
= 2 years) while i will ake 150 generaons or EK and 200 or MV (Fig. 1.3).



 7 

Figure 1.2. Genec diversiy esmaes or all Oregon Spoted Frog populaons sampled in Canada. Mean esmaes o a)
observed heerozygosiy (Ho), and b) inbreeding coefficiens (F) a ve wild (EK, MS, MV, MT, ST) and hree zoo (TZ, VA, GVZ)
populaons.

Table 1.1. Mean genetic diversity indices with standard error for Oregon Spotted Frog populations calculated from a total of
22,230 SNPs. The first two rows display average values for combined zoo (from populations TZ, VA, GVZ) and wild (from
populations EK, MS, MV, MT, ST) individuals respectively. N = sample size, Ho = observed heterozygosity, F = inbreeding
coefficient, Ne = effective population size. The number of breeding adults (Nb) was determined by egg mass surveys for wild
populations and represented the total number of adults for zoo populations.

POPULATION N Ho F Ne Nb

ZOOS (n=3) 239 0.129 ± 0.001 0.235 ± 0.006

WILD (n=5) 82 0.131 ± 0.002 0.226 ± 0.015

Elk Brook (EK) 17 0.145 ± 0.005 0.144 ± 0.027 12.5 (7.6 - 22.3) 112

Maria Slough (MS) 24 0.125 ± 0.005 0.259 ± 0.031 4.4 (2.5 - 8.5) 154

Morris Valley (MV) 31 0.124 ± 0.003 0.268 ± 0.018 19 (12.1 - 32.1) 348

Mounain Slough (MT) 7 0.139 ± 0.008 0.179 ± 0.050 * 102

Semmihaul Creek (ST) 3 0.155 ± 0.009 0.083 ± 0.051 * 22

Torono Zoo (TZ) 28 0.129 ± 0.003 0.237 ± 0.018 16.1 (11.4 - 23.9) 19

Vancouver Aquarium (VA) 122 0.129 ± 0.001 0.238 ± 0.009 34.8 (29.4 - 41.5) 111

Greaer Vancouver Zoo (GVZ) 87 0.130 ± 0.002 0.231 ± 0.010 31.8 (26.7 - 38.2) 98

*values could no be compued accuraely due o low sample size
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Figure 1.3. Heerozygosiy loss hrough me in hree wild populaons o Oregon Spoted Frog. The proporon o remaining
heerozygosiy (H/Ho) was inerred rom eecve populaon size esmaes (Ne) or T = 20 o T = 200. Generaon me (T) or
OSF is 2 years.

Populaon Srucure
A principal componen analysis (PCA) conduced on genoypes o all individuals revealed an
absence o clusering according o zoo vs. wild populaons bu raher exhibied clusering
according o individual genec source, wih zoo rogs clusering according o heir respecve
genec sources (i.e. heir racked lineage). Three main clusers, wih a less disnc ourh, were
dierenaed by he rs and second PC axes (PC1: 23.17%, PC2: 16.96%; Fig. 1.4a). Among he
wild populaons, EK and ST clusered ogeher, while MS, MV, and MT orm unique clusers,
alhough MT is barely disnguished rom he MS cluser (Fig. 1.4a). The hird PC axis (11.39%)
dierenaed an MT cluser rom a cluser consisng oMS + MV, while he ourh PC axis
(6.79%) delineaed a cluser o EK + ST rom zoo cross-breeds o EK x ML (Fig. 1.4b).
Furhermore, using a PCA wih jus he main wild populaons, EK, MS, and MV ormed disnc
clusers when considering he rs and second PC axes (Fig. 1.4c), while he hird and ourh PC
axes dierenaed an MS + MV cluser rom EK (Fig. 1.4d).
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Figure 1.4. Principal componen analyses o Oregon Spoted Frog populaons. Each axis indicaes he amoun o variaon
respecvely explained in he daa. a) and b) conain all sampled populaons coloured by heir genec source, wih wild-caugh
rogs indicaed by circles and rogs sampled in zoos indicaed by riangles. Cross-bred zoo rogs are indicaed by an ‘x’ in he
name (e.g. Aldergrove x Maria Slough). Zoo rogs wih unknown parenage are indicaed as “unknown” or according o heir
respecve zoo (imany-generaons zoo-born). c) and d) conain only he hree wild populaons wih ≥ 15 samples.

We also invesgaed genec srucure or K ranging rom 2 o 15. Cross-validaon indices
(Appendix I.I, Fig. A1.1) and populaon hisory suggesed he bes sascal K o be wihin K=8-
10 (Fig. 1.5a). When grouping ADMIXTURE resuls by populaon, wild populaons ormed
disnc clusers in comparison o he very mixed zoo populaons. EK ormed a disnc cluser a
K=8-10 (Fig. 1.5a) and remained disnc all hrough K=15 (Appendix I.I, Fig. A1.2). MV was a
disnc cluser unl K=7 bu became mixed a K=8, sharing some o is ancesry here wih MT;
or K=9-10 however, MV was sll mixed bu no longer clusering wih MT (Fig. 1.5a). MT
remained a relavely disnc cluser unl K=13, wih he aoremenoned grouping wih MV
occurring a K=8 only. MS showed more variaon han he oher wild populaons and had 24%
mixed ancesry by K=5 (Appendix I.I, Fig. A1.2). Zoo populaons were all highly mixed rom K=2
onwards, displaying all he wild populaon ancesry and showing some unique ancesry as well
(Fig. 1.5a). When grouping individuals by genec source, zoo cross-breeds (EK x ML) clusered
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wih EK unl K=10, afer which hey ormed a disnc cluser (Appendix I.I, Fig. A1.3).
Aldergrove x MS did no cluser wih MS bu showed disnc ancesry hrough K=8-10 aligning
primarily wih MS x MT crosses or K=8 bu orming is own disnc cluser or K=9-10.
Individuals wih EK in heir genec source presened disnc (≥95% unmixed) bars. Since MS
isel was mixed when K=8-10, is main ancesral sources (indicaed by dieren colours in Fig.
1.5a) were all presen in zoo populaons, appearing here as boh mixed and disnc bands.
Where MV appeared in zoo populaons, i almos always ormed disnc bands. When
analysing he ve wild populaons alone, he bes sascal K was 3 (Appendix I.I, Fig. A1.4),
wih EK, MS, and MV represenng disnc clusers, while MT and ST were mixures o he oher
hree (Fig. 1.5b). The ST individuals grouped primarily (82%) wih EK while he MT bands
grouped primarily (54%) wih MS. For K=4 however, MT ormed a disnc cluser while ST
remained grouped wih EK (Appendix I.I, Fig. A1.4).

Figure 1.5. ADMIXTURE populaon srucure analysis wih individuals grouped by populaon or a) wild (EK, MS, MV, MT, ST)
and zoo populaons (TZ, VZ, GVZ) rom K=8 o K=10, and b) wild populaons (MS, MV, EK, MT, ST) or K=3 where K is he inerred
number o ancesral populaons.

Weir and Cockerham’s Fs-values were calculaed or he zoo and wild caegories as well as
individual populaons. Comparing he combined zoo populaon samples and he combined
wild populaon samples resuled in Fs = 0.012 (ranging rom 0 o 0.232). All zoo populaons
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were <1% dierenaed rom one anoher (Table 1.2) while he average pairwise Fs beween
wild populaons was 0.105, ranging rom 0.088 (beween MS and MV) o 0.116 (beween EK
and MV; Table 1.2). Pairwise Fs beween individual wild and zoo populaons were lower han
beween wild populaons hemselves (Table 1.2), wih EK he mos dierenaed rom all zoo
populaons (mean Fs [0.068-0.082]) and MS he leas dierenaed (mean Fs [0.012 – 0.024]).
Furhermore, while average Fs values remained below 0.12 among all hree wild populaons,
some genomic regions were highly dierenaed (e.g. 0.975, 0.979, and 0.963 maximum range
values; Table 1.2).

Table 1.2. Mean Fs esmaes (range in brackes) across Oregon Spoted Frog SNPs. Zoo populaons are: Vancouver Aquarium
(VA), Greaer Vancouver Zoo (GVZ), and Torono Zoo (TZ). Wild populaons are: Elk Brook (EK), Maria Slough (MS) and Morris
Valley (MV). Two wild populaons were no included due o low sample size (ST and MT).

Populaon VA GVZ TZ EK MS MV

GVZ 0.01
[0; 0.29]

TZ 0.003
[0; 0.28]

0.008
[0; 0.32]

EK 0.068
[0; 0.835]

0.082
[0; 0.84]

0.068
[0; 0.826]

MS 0.022
[0; 0.499]

0.012
[0; 0.504]

0.024
[0; 0.568]

0.111
[0; 0.975]

MV 0.041
[0; 0.729]

0.053
[0; 0.70]

0.053
[0; 0.812]

0.116
[0; 0.979]

0.088
[0; 0.963]

Discussion
Conservaon breeding programs are ofen esablished o “buy me” or species on he brink o
exncon (Byers e al., 2013). Such programs have played a crical role in reducing he hrea
level in 16 o he 64 species down-lised by he IUCN (Traylor-Holzer e al., 2018). In amphibians,
he number o species managed ex siu or conservaon breeding and reinroducon has
grealy increased since 2007 (Dawson e al., 2016; Harding e al., 2016) bu no all o hese
species are in ac suiable or ex siu acons (Bradeld e al., 2022). Endangered species wih
exisng conservaon breeding programs should be assessed o ensure ex siu acons are
warraned (Bradeld e al., 2022) as successul breeding ex siu is no sucien in isel (Carrillo
e al., 2015) because ospring mus have sucien genec diversiy or shor and long-erm
populaon adapaon o he wild as well (Lees and Wilcken, 2009). In comparing genec
diversiy and populaon srucure indices among boh ex siu and in siu populaons o Oregon
Spoed Frog in Canada, our sudy underscores he encouraging implemenaon o recovery
sraegies or his species and provides he basis or praccal recommendaons or conservaon
breeding and reinroducon eors more broadly.
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Alhough he genec diversiy o American populaons o OSF is low compared o oher ranids
(Blouin e al., 2010; Phillipsen e al., 2010; COSEWIC, 2011), he hree zoos hosng breeding
populaons o OSF have mainained sucien genec healh ex siu. The combined zoo genec
diversiy surpasses he 90% hreshold relave o he combined wild populaons, alhough EK,
ST, and MT showed greaer genec diversiy individually han any o he hree zoos. On a less
encouraging noe, he zoo populaons all exceed he recommended inbreeding coecien
(0.125; WAZA, 2011) and he only wild populaon below his hreshold is ST (an esmae which
may be inaed by is small sample size). All hree zoos have a lower F han MS and MV hough.
Inbreeding iselmay no severely impac OSF as oher vulnerable species have been ound o
persis wih high inbreeding levels (Wang e al., 2015); regardless, all OSF populaons should be
moniored or signs o inbreeding depression (e.g. decreasing erliy and ospring
survivorship). Founding zoo populaons wih ewer han 200 individuals increases suscepbiliy
o genec drif, inbreeding depression, and demographic sochasciy, and leads o decreases in
populaon size and genec diversiy (Lacy, 1997; Ballou e al., 2010). The apparen lack o hese
genec declines here poins o he eecveness o ongoing ex siu managemen. Oher zoos
have likewise been ound o mainain sable genec diversiy and inbreeding levels despie ew
ounders and small populaon sizes (Che-Casaldo e al., 2021; Humble e al., 2023). Many zoo
populaons rely on cooperave managemen o eecvely preven demographic and genec
declines and Che-Casaldo e al. (2021) argue ha such sabiliy is an achievemen in isel
under he curren biodiversiy crisis. Relavely low Ne has been observed in amphibian
populaons in he wild (Funk e al., 1999; Rowe and Beebee, 2004; Beebee and Grihs, 2005),
as Ne is aeced by many acors including variance in reproducve success (Palsra and
Ruzzane, 2008) and limied dispersal abiliy (Nunney, 2016). Through careul managemen o
hese acors, such as increasing he number o breeding individuals, sabilizing populaon sizes
across generaons, and equalizing operaonal sex raos ex siu, zoos can increase heir Ne
(Lees and Wilcken, 2009). Such eecve managemen is aking place a all hree zoos where we
esmaed higher Ne-values relave o wild populaons despie he laer harbouring more han
wice he number o breeding aduls (Nb) according o ongoing populaon monioring. While
Ne in all hree zoo populaons remains well below he conservave goal or shor erm
persisence (Ne=50; Franklin, 1980)) and he hreshold o avoid inbreeding depression (Ne ≥
100; Frankham e al., 2014)), increasing Ne in zoos relave o he wild will help reduce genec
drif and improve reenon o genec diversiy.

The Oregon Spoed Frog may have had low Ne and genec diversiy in he wild or many
generaons. Rapid reducon in genec diversiy due o anhropogenic eecs (i.e. habia
ragmenaon) enhances he risk o inbreeding depression (Allenof e al., 2009), bu i a
species has exised or generaons wih low genec diversiy, many deleerious alleles may have
already been purged and he risk o inbreeding depression is hus reduced relave o species
wih hisorically large Ne (Allenof and O’Brien, 2010). Alhough OSF have experienced
connued habia ragmenaon over he las 150 years (COSEWIC, 2011), i is possible ha
subsequen sub-populaons persised in heir ragmened landscape wih low genec diversiy
due o heir naurally low dispersal raes and highly aquac naure. Cushman (2006) has
suggesed ha hose species wih low dispersal raes have higher-han-expeced survivorship in
small and ragmened habias due o decreased moraliy risks associaed wih dispersal. For
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example, OSF do no experience he road moraliy raes o oher amphibians (Wason e al.,
2003), perhaps conribung o heir persisence. Alernavely, i is possible ha allelic diversiy
has decreased while heerozygosiy remains sable in he zoo populaons (Säisä e al., 2003;
Osborne e al., 2006). Kraaijeveld-Smi e al. (2006) ound allelic diversiy decreased in
Mallorcan oad breeding programs afer 3-8 generaons while heerozygosiy ook 12
generaons o decrease in comparison o wild populaons. This discrepancy may be due o
allelic richness being more sensive han heerozygosiy o bolenecks (Kraaijeveld-Smi e al.,
2006), so he ormer should also be assessed in ligh o poenal local selecon which would
inorm breeding sraegies and recovery acons.

Our genec srucure analysis revealed ha average Fs values were moderae (Wrigh, 1978)
among wild populaons o OSF (Fs [0.09-0.12]) and low among zoos (Fs [0.003-0.01]) and
beween zoos vs. wild populaons (Fs [0.012-0.082]). In parcular, biologically relevan
dierenaon was observed beween EK and MS, and EK and MV, wih mean pairwise Fs > 0.1.
In heir sudy on OSF genecs, Blouin e al. (2010) sampled hree Canadian populaons and
ound hey were all well dierenaed rom one anoher bu suggesed his nding was inaed
by small sample sizes. Ye, while average Fs values are only moderae among wild populaons,
some genomic regions were highly dierenaed (maximum Fs = [0.96-0.98]). Furher research
should be conduced wih a reerence genome o invesgae wheher hese regions o xaon
are a resul o local adapaon or random genec drif, as is prevalen in isolaed populaons
(Frankham, 1996; Wang e al., 2014). Several sudies have repored small, isolaed populaons
o amphibians in ragmened landscapes o be highly dierenaed (Hichings and Beebee,
1997; Lesbarrères e al., 2006), especially species wih low dispersal capabiliy and high sie
deliy (Shaer e al., 2000; Spear e al., 2005). In his conex, he low o moderae average Fs
values may be a resul o he Fraser River. Rivers have mixed eecs on amphibian dispersal
(Ficeola and Bernardi, 2004; Mikulíček and Pišú, 2012) and he Fraser River may have
hisorically improved gene ow beween populaons while exensive dyking o preven ooding
in he area may now decrease gene ow (Environmen Canada, 2015). Boh he ADMIXTURE
and PCA resuls also indicae hisorical mixing o populaons in he Fraser River oodplain (MS,
MV, MT) suggesng ha he laer aced as a waer corridor or OSF as hey ravel almos
exclusively by waer (Wason e al., 2003; Pearl and Hayes, 2004).

Maria Slough (MS) shows he mos admixure among he exan wild populaons, and his
admixure is also visible in zoo rogs wih MS as heir genec source. The lack o clusering wih
oher exan populaons, however, suggess MS was once conneced o ancesral sources,
perhaps rom urher upriver. The low genec diversiy and high inbreeding observed in MS may
indicae hese sources, i sll exan, are no longer conneced o MS (Allendor and Luikar,
2007). Ineresngly, some o hese ancesral genecs have been carried ino he zoo
populaons, evidenced by zoo rogs wih disnc ADMIXTURE ancesry (i.e. unique colours) bu
MS parenage. More recenly exrpaed populaons (i.e. Aldergrove) are also represened in
zoo populaons, which explains why he opmal K or all populaons (zoo and wild; K=8-10) is
more han 2x larger han ha esmaed or only he ve wild populaons (K=3). I will be
crical o ideny hese unique individuals and ensure persisence o hese ancesral lines in he
breeding programs o carry on his impressive level o genec represenaon. O he remaining
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exan OSF populaons, EK and ST show a separae and perhaps ongoing connecviy. These
wo populaons lie in a waershed nework o diches bu known rog occurrences are
separaed by more han 3 km, heir maximum ravel disance (Pearl and Hayes, 2004).
Imporanly, he hydraulic connecviy o he dich neworks is currenly no well undersood.
These diches generally lack he sabiliy o shallow shel oviposion habia which occurs more
readily in slough and weland habia ypes (Environmen Canada, 2015), and may be prone o
more requen, high velociy ows. I is possible he connuous corridor o deep waer in his
dich habia increases movemen and connecviy as larger OSF movemens (>1 km) have been
documened along analogous linear riparian sysems in he pas (Pearl and Hayes, 2004).
Human-modied environmens can somemes uninenonally increase connecviy or creae
addional habia or amphibians (Wang e al., 2014) and i is hus possible ha his human-
made dich sysem has increased connecviy beween EK and ST. Such a connecon should be
horoughly invesgaed and proeced or he role hese populaons migh play in he long-
erm susainabiliy o OSF in Canada.

The reenon o comparable genec variabiliy among zoos and wild populaons may indicae
encouraging sabiliy in he ace o poenal genec decline (Che-Casaldo e al., 2021), bu is
sabiliy enough or he persisence o OSF in Canada? One o he primary source populaons
or he conservaon breeding programs (MS) is projeced o lose all genec diversiy wihin 50
generaons. This no only highlighs he necessiy o conservaon breeding and reinroducon
programs o ensure he persisence o OSF wild populaons, bu also suggess some changes
should be made o heir implemenaon. The requen collecons rom MS have likely
conribued o is genec decline, in urn jeopardizing he susainabiliy o he zoo populaons
which depend on boh heir inernal populaon genecs and ha o heir source populaons
(Lees and Wilcken, 2009). Thus, exernal supplemenaon o zoos should be adjused boh o
proecMS and o diversiy zoo populaon demographics so as no o rely oo heavily on one
source. Opmizing he individual composion o zoo populaons can also signicanly improve
he genec diversiy hey harbour (Bragg e al., 2021). Togeher, his suggess ha
incorporaon omore EK and ST rogs in zoo populaons migh increase ex siu genec diversiy
as hese populaons have he bes genec healh o all wild populaons. Opmizaon o zoo
genecs also depends on he level o dierenaon among sources (Bragg e al., 2021) so all
ospring should be moniored or signs o boh inbreeding and oubreeding depression. While
concerns or he laer are increasingly hailed as oversaed, imay ake generaons o manies
(Bell e al., 2019), so monioring is warraned. Such monioring will also inorm poenal
supplemenaon oMS which should be srongly considered les we monior his populaon o
he poin o exrpaon raher han risk aking in siu acon alongside ongoing ex siu acons
(Ralls e al., 2018). The collaboraon o boh ex siu and in siu parners in he OSF recovery
eam has already conribued much o he persisence o he Oregon Spoed Frog in Canada
and his sudy suggess connued, unied eors beween hese wo arms o conservaon may
prove an essenal sraegy or he genec susainabiliy o endangered species in general.
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Mehods / Analysis
Sampling
All exan wild populaons o OSF in Canada – Morris Valley (MV), Mounain Slough (MT), Maria
Slough (MS), Elk Brook (EK), Semmihaul Creek (ST), and McLennan (ML) – were sampled in he
spring o 2021. These populaons are beween 3 and 55 kms apar, occurring in oodplain
marshes, sloughs, or channelized waercourses in he Fraser River Lowlands o Brish Columbia
wih low o moderae amouns o emergen vegeaon and sily subsrae (Environmen
Canada, 2015; Fig. 1.1). Egg mass surveys are conduced annually (March-May) a each o hese
sies and a more exensive capure-mark-recapure program is ongoing a boh MS and MV. The
Aldergrove (AD) populaon was recenly exrpaed bu remains represened ex siu by a ew
rogs o Aldergrove descen.

Two zoos and one aquarium currenly run conservaon breeding and reinroducon programs
as par o a combined recovery eor or his endangered species. Due o diering acilies,
resources, and locaon, each zoo has a unique program and approach. The Vancouver
Aquarium (VA) began is breeding program in 2010 and regularly holds 100-200 OSF. The
Torono Zoo’s (TZ) program, esablished as boh a breeding program and assurance populaon,
sared in 2010 as well and holds an average o 20 OSF a a me. While he Greaer Vancouver
Zoo (GVZ) has helped headsar OSF since 2003, heir year-long breeding program did no begin
unl 2017 bu now holds roughly 80-100 OSF.

Genec samples were colleced primarily by buccal swabbing (Broque e al., 2007), an eecve
and less harmul alernave o oe clipping. Each swab was colleced by genly prying open he
rog’s mouh wih a a p (i.e. guiar pick) and rolling a serile coon swab around he inside o
he mouh (Pidancier e al., 2003). Swabs were dried and sored a -20°C unl DNA exracon.
When dead OSF were ound in he wild or capviy, ssue samples were colleced
(approximaely 5x5 mm sample o skin or muscle) and sored in ehanol a -20°C. A oal o 7-30
unique swabs were colleced rom each o he our wild populaons (MS, MV, MT, EK) during
he breeding season (March-April), when rogs were mos acve. In addion, ve eggs each
rom dieren egg masses were colleced and sored in ehanol a -20°C or he wild populaons
EK and ST, as no rogs were capured a he laer sie. No eggs or rogs were ound aML in
2021 bu his lineage remains represened in zoo rogs. Buccal swabs were also colleced rom
all maure (≥ 2 years old) OSF a he Vancouver Aquarium (n=129), Greaer Vancouver Zoo
(n=91), and Torono Zoo (n=19).

All samples were colleced in accordance wih approved Animal Care proocols rom Laurenan
Universiy (2019-02-01, File No.6020970), Torono Zoo (Projec #2021-02-01), Vancouver
Aquarium (#2021-01), Greaer Vancouver Zoo (Approval #2021-02-18), and he Minisry o
Foress, Lands, Naural Resource Operaons and Rural Developmen (Wildlie Ac Permi: SU21-
618374).
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Exracon and Sequencing
DNA was exraced using a modied proocol rom Qiagen DNEasy Blood and Tissue kis
adaped o swabs. We evaluaed DNA qualiy on a 1% agarose gel and quaned yield on a
Qubi dsDNA HS Assay Ki. Due o low DNA yield, individual samples were hen modied o 10
ng/uL or consrucon o Genoyping by Sequencing (GBS) libraries. All samples below his
concenraon were considered unsuiable or sequencing (n=5). Laval Universiy’s genomic
analysis plaorm consruced he GBS libraries (Psl/Mspl) and Génome Québec perormed
Illumina Novaseq sequencing. Daa preparaon, genoyping, and lraon were done by Laval
Universiy’s genomic analysis plaorm using STACKS v.2.62 (Cachen e al., 2013; denovo mode),
using only orward reads. During bioinormacs reamen, 84 samples were dropped as hey
were missing more han 15% o genoype calls, were oo similar, or had exremely low
heerozygosiy. We used a minimum genoype coverage o 4, and excluded SNPs which were
missing or more han 20% o samples. A oal o 5.54 billion reads were demulplexed and
cleaned, ranslang o an average o 17.2 million reads per sample. Furher in he analysis, one
MS sample was removed rom he daase due o quesonable origins, leaving 321 samples or
nal analysis.

Bioinformacs
Puave bias due o missing daa was invesgaed by perorming an ideny-by-missingness
analysis on he lered SNPs using PLINK version 1.90b5.3 (Purcell e al., 2007). The resulng
muldimensional scaling was represened graphically using sequencing plae number, sample
ype, populaon ype (zoo vs. wild), and source inormaon. No clusering by missingness (a
signaure o bias) was ound (Appendix I.I, Fig. A1.5).

Genec Diversiy
Genec diversiy was assessed using our dieren indices wihin each sampled populaon as
well as wihin he wo ollowing wo caegories: wild vs. zoo individuals. Firs, he minor allele
requency (MAF) o each SNP was esmaed using he -req argumen in PLINK, and he number
o polymorphic SNPs (MAF dieren rom 0 or 1) was repored. Then, he individual observed
heerozygosiy (Ho) and inbreeding coecien (F) were assessed using vcfools (Danecek e al.,
2011) and averaged wihin each populaon and caegory described above. Comparisons
beween populaons and caegories were invesgaed by perorming a one-way analysis o
variance (ANOVA) or a Kruskal-Wallis es (in he case o non-normal daa) wih he R package
“sas” (v4.1.1; R Core Team, 2021)). Finally, eecve populaon size was esmaed or
populaons wih a leas n=15 using NeEsmaor 2.0.1 (Do e al., 2014) and he LDNe algorihm
(Waples and Do, 2008) wih a lowes allele requency o 0.1. For comparison, breeding adul
populaon sizes (Nb) were esmaed or all wild populaons rom egg mass surveys in 2021 as
2 x he number o egg masses. This mehod was deermined o be an eecve mehod o
esmang Nb or OSF (Phillipsen e al., 2010) and is he primary means by which populaon
size is moniored by he OSF recovery eam. The Nb or all zoo populaons was deermined by a
coun o all sexually maure (≥ 2 years-old) aduls in 2021. Loss o heerozygosiy hrough he
nex 200 generaons was inerred rom he Ne esmaes using he ollowing equaon:
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Proporon o remaining heerozygosiy =  − (
1

2
), where  is he number o generaons.

Genomic Dierenaon
We invesgaed he genec srucure among all sampled populaons using hree approaches.
Firs, a principal componen analysis (PCA) was conduced on he individual genoype daa using
he -pca argumen in PLINK. The R package “ggplo2” (Wickham, 2009; R Core Team, 2021) was
used o plo PCA resuls o invesgae any clusering according o 1) populaon ype (zoo vs.
wild individuals) and 2) genec source, where genec source reers o populaon o origin: a
rog caugh aMS has a genec source o MS bu a rog sampled wihin a zoo (populaon o
eiher TZ, VA, or GVZ) would have a genec source according o where i had been born in he
wild or, i zoo-born, is racked parenage, corresponding o a single wild populaon or a cross
o boh parens (ex. MS or MS x EK). Anoher PCA was perormed using only individuals
belonging o MS, MV, and EK since global resuls indicaed a clusering paern mainly driven by
hose hree main wild populaons (see resuls secon).

Second, genec srucure among all individuals was invesgaed wih ADMIXTURE 1.3.0
(Alexander e al., 2009) or K ranging rom 2 o 15. Cross-validaon indices were used o discuss
he bes values o K across all populaons o allow inerpreaon o he bes K in combinaon
wih populaon hisory (nong a minimum o 11 subpopulaons have been recorded
hisorically in Canada (Environmen Canada, 2015)). Genec srucure among he wild
populaons was also invesgaed running he same ADMIXTURE analysis including only
individuals colleced rom he ve wild populaons or K ranging rom 2 o 7.

Finally, he exen o genomic dierenaon was esmaed by compung Weir and
Cockerham’s Fs a) beween zoo and wild caegories, and b) among each o he hree zoos and
he hree main wild populaons (MS, MV, EK), all using weir-Fs-pop in vcfools version 0.1.17
(Danecek e al., 2011).
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Tables, Figures, and Appendices

Tables
Table 1.1. Mean genetic diversity indices with standard error for Oregon Spotted Frog populations calculated from a total of
22,230 SNPs. The first two rows display average values for combined zoo (from populations TZ, VA, GVZ) and wild (from
populations EK, MS, MV, MT, ST) individuals respectively. N = sample size, Ho = observed heterozygosity, F = inbreeding
coefficient, Ne = effective population size. The number of breeding adults (Nb) was determined by egg mass surveys for wild
populations and represented the total number of adults for zoo populations.

Table 1.2. Mean Fs esmaes (range in brackes) across Oregon Spoted Frog SNPs. Zoo populaons are: Vancouver Aquarium
(VA), Greaer Vancouver Zoo (GVZ), and Torono Zoo (TZ). Wild populaons are: Elk Brook (EK), Maria Slough (MS) and Morris
Valley (MV). Two wild populaons were no included due o low sample size (ST and MT).

Figures
Figure 1.1. The remaining wild populations of Oregon Spotted Frog in British Columbia, Canada. Each population is indicated by
a red circle within the known watershed (coloured green), with the estimated breeding population size (Nb) from egg surveys in
2022. McLennan is still considered extant but no egg masses or frogs have been seen since 2017.

Figure 1.2. Genetic diversity estimates for all Oregon Spotted Frog populations sampled in Canada. Mean estimates of a)
observed heterozygosity (Ho), and b) inbreeding coefficients (F) at five wild (EK, MS, MV, MT, ST) and three zoo (TZ, VA, GVZ)
populations.

Figure 1.3. Heterozygosity loss through time in three wild populations of Oregon Spotted Frog. The proportion of remaining
heterozygosity (Ht/Ho) was inferred from effective population size estimates (Ne) for T = 20 to T = 200. Generation time (T) for
OSF is 2 years.

Figure 1.4. Principal component analyses of Oregon Spotted Frog populations. Each axis indicates the amount of variation
respectively explained in the data. a) and b) contain all sampled populations coloured by their genetic source, with wild-caught
frogs indicated by circles and frogs sampled in zoos indicated by triangles. Cross-bred zoo rogs are indicaed by an ‘x’ in he
name (e.g. Aldergrove x Maria Slough). Zoo rogs wih unknown parenage are indicaed as “unknown” or according o heir
respective zoo (if many-generations zoo-born). c) and d) conain only he hree wild populaions wih ≥ 17 samples.

Figure 1.5. ADMIXTURE population structure analysis with individuals grouped by population for a) wild (EK, MS, MV, MT, ST)
and zoo populations (TZ, VZ, GVZ) from K=8 to K=10, and b) wild populations (MS, MV, EK, MT, ST) for K=3 where K is the
inferred number of ancestral populations.
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Appendix I.I: supplemenary gures

Figure A1.1. Cross validaon or all sampled Oregon Spoted Frogs in Canada (5 wild populaons, 3 zoo populaons). The lowes
cross-enropy value indicaes he sascally opmal number o ancesral populaons (K).
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Figure A1.2. ADMIXTURE rom K2 o K15 o all sampled populaons o Oregon Spoted Frog (5 wild and 3 zoo populaons),
ordered by populaon. Each bar represens one individual rog and colours represen K, he posulaed number o ancesral
populaons.
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Figure A1.3. ADMIXTURE rom K2 o K15 o all sampled populaons o Oregon Spoted Frog (5 wild and 3 zoo populaons),
ordered by genec source – he racked or curren lineage o each rog. Each bar represens one individual rog and colours
represen K, he posulaed number o ancesral populaons.
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Figure A1.4. Cross validaon or he wild populaons o Oregon Spoted Frogs in Canada (MS, MV, MT, EK, ST). The lowes cross-
enropy value indicaes he sascally opmal number o ancesral populaons (K).
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Figure A1.5. Ideny by missingness analysis on he lered Oregon Spoted Frog SNPs. The daa is represened using sequencing
plae number, sample ype, populaon ype (zoo vs. wild), and source inormaon. No clusering by missingness was ound.
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Chaper 2:

Egg binding displays age-dependen impac on Canada’s mos
endangered anuran, he Oregon Spoted Frog (Rana pretosa)



 31 

Absrac
Pos-ovulaory egg reenon, or dysocia, is a signican risk o amphibians held ex siu bu is
documenaon, and hus undersanding, is minimal. Poenal links o age, body condion,
amplexus behaviours, and environmenal condions have been suggesed bu remain primarily
anecdoal. Here, I invesgaed he causes o egg reenon in Canada’s mos endangered
anuran, he Oregon Spoed Frog (Rana preosa). Using pos-morem repors rom conservaon
breeding programs, I classied moralies relaed o egg reenon as egg binding and compared
body condion o conspecics in zoo and wild populaons. I also looked or links beween egg
binding and age, ollicular developmen, and amplexus behaviours using video and ulrasound
echnology. While wo ou o hree zoos had signicanly higher scaled mass index (SMI) han
wild conspecics, he SMI o egg bound rogs did no signicanly dier rom ohers in heir
populaons. However, rogs who became egg bound laer in lie (> 3 years old) generally had
higher body mass han oher emales o he same age. Higher ollicular grades, indicave o
maure ovaries, were predicve o egg binding bumay have been conaed by alered
environmenal condions. Mos amplexus conacs lased less han 8.4 minues bu were no
predicve o egg binding. While he causes o egg binding in R. preosa and amphibians overall
remains indisnc, our sudy conribues o he documenaon o his issue, poenally aiding
amphibian breeding programs worldwide. Furher, ndings rom his sudy will inorm
husbandry pracces or R. preosa and improve he cohesiveness o recovery acons among
parners or his endangered species.
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Inroducon
Egg Reenon and Associaed Causes
Pos-ovulaory sasis, also known as egg reenon, egg binding, or dysocia, is a reproducve
disorder observed in numerous animal species (Lloyd, 1990; Frye, 1991; DeNardo, 2006;
Calaayud e al., 2018; Abou-Zahr e al., 2019). Unusually long egg reenon has been observed
in wild individuals, bu evidence o reproducve ailures as seen ex siu (ex. in zoos) is negligible
(Kummrow e al., 2010). Domesc animals, like cale, requenly require assisance in birhing;
dysocia in hese cases is dened as a dicul, prolonged birh or severe exracon (Mee,
2004). Egg binding in avian medicine – he delay o eggs in he reproducve rac – can be he
resul omulple acors, including, bu no limied o, mechanical obsrucon (ermed
dysocia), abnormally large eggs, dieary deciencies, or sress (Abou-Zahr e al., 2019). In non-
avian reples (hereafer “reples”), similar reproducve ailure is caegorized as eiher pre-
ovulaory egg reenon (ollicular sasis) or pos-ovulaory egg reenon (dysocia), where
ovulaed eggs are reained in he oviduc wihou being oviposied (DeNardo, 2006). In many
reple species, pre- and pos-ovulaory reenon can be disnguished using ulrasound or x-ray
echnologies as ovulaed eggs ake on a disnc ovoid, calcied orm, wih boh condions
regularly linked o eiher housing condions or individual body condion (Kummrow e al.,
2010; Laycock, 2015; Pimm e al., 2015). Sexually maure emale reples are ofen closely
moniored and cases o egg reenon well documened, bu predicve acors are mulaceed
and ye o be clearly idened (Sacy e al., 2008). I unreaed in reples or birds, reained eggs
no only preven reproducve acviy bu can cause inammaon, edema, egg rupure,
bacerial inecons, and even deah (Frye, 1991; Cuadrado e al., 2002; Rivera, 2008; Sacy e
al., 2008; Abou-Zahr e al., 2019) making i a serious and poenally lie-hreaening condion.

In amphibians, documenaon o similar reproducve ailures is increasing bu sll scarce and
ofen anecdoal (Kouba e al., 2009; Roh e al., 2010). Kouba e al. (2009) cied dysocia as a
“major cause o deah in amphibians ha ail o lay eggs.” As in reples, i is imporan o
monior sexually maure emale amphibians o ensure hey lay maure eggs raher han reain
hem (Whiaker, 2001). Amphibians, parcularly hose wih exernal erlizaon, can reabsorb
reained eggs hrough apoposis (cell deah; Tokmakov e al., 2020), bu side eecs o such egg
reenon (ex. lehargy, edema, bacerial inecons, deah) occur in anurans when reained eggs
are no properly reabsorbed (Whiaker, 2001; Roh e al., 2010; Silla e al., 2021). Descripons
o egg reenon in amphibians are sll limied and language varies across axa and wihin
amphibian lieraure isel (Kouba e al., 2009; Calaayud e al., 2018; Silla e al., 2021). For he
purposes o his sudy, moralies resulng rom pos-ovulaory egg reenon were classied as
egg binding (see Mehods or more deails). Egg binding is a major conservaon concern as he
loss o any individual in ghly managed ex siu populaons, parcularly beore hey have made
a genec conribuon (i.e. producing ospring), can grealy impac demographic sabiliy and
reenon o genec diversiy (Kouba e al., 2009; Asa e al., 2011). Furhermore, he highly
hreaened saus o amphibians (Suar e al., 2004) and he challenge o breeding species wih
unique lie cycles (Kouba e al., 2009) makes his axon parcularly vulnerable o his hrea.
Knowledge o lie hisory is ofen lacking even afer esablishmen o ex siu programs (Bradeld
e al., 2022) and his, along wih he scarciy o lieraure reerences, leaves he causes o egg
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reenon in amphibians equally i nomore dicul o elucidae han in oher axa. In aemps
o ll in some o hese knowledge gaps, his sudy invesgaes hree areas highlighed in he
lieraure as poenally linked o egg reenon in reples and amphibians.

a) Body Condion
Animals held ex siu ofen have a higher body mass han wild conspecics – a resul omore
consisen, high calorie dies, he eliminaon o predaon, and/or dieren environmenal
condions (Blanco and Sherman, 2005; Kummrow e al., 2010). In anurans and many oher
species, here is generally a posive allomeric relaonship beween body weigh and
reproducve oupu (i.e. oal ovarian weigh; Jørgensen, 1981) wih body size ofen imposing
he upper limi on reproducve oupu (Gibbons and McCarhy, 1986). Reproducve oupu can
also vary wih environmenal condions (Beate, 1987; Cummins and Swan, 1995) since
reproducve oupu depends on energy invesmen by he emale (Berven, 1988), which isel
varies wih he availabiliy o energy sources. Overweigh (i.e. over-condioned) anurans in
zoos, hereore, may be able o invesmore ino reproducve oupu, poenally exceeding
heir body’s physical capaciy o hold and reabsorb unlaid eggs (Kummrow e al., 2010). In ac,
obesiy (relave o wild conspecics) has been observed in anurans wih egg reenon in he
pas (Roh e al., 2010). Energy reserves, such as hose used or egg developmen, can be
esmaed by using a body condion index where a greaer index indicaes greaer energy
reserves (Schule-Hosedde e al., 2005). The Scaled Mass Index (SMI; Peig and Green, 2009)
was developed as a sandardized condion index which accouns or body shape adjusmens o
beer compare dieren populaons o he same species and provides a more accurae
measure o reproducve sae han oher indices (Calaayud e al., 2018).

b) Sexual Mauriy
Age or reproducve experience have also been highlighed in cases o egg reenon, suggesng
emale anurans in heir rs breeding season show increased suscepbiliy o reproducve
dysuncon (Torono Zoo unpublished records; Roh e al., 2010). Growh is impaced by
brumaon, and he removal or aleraon o his overwinering period can shoren he me i
akes amphibians held ex siu o reach sexual mauriy (Jorgensen, 1992; Calaayud e al., 2018).
Brumaon is a period o inacviy and reduced meabolic rae or anurans (Pinder e al., 1991)
ghly linked o reproducon and ofen essenal or ollicular mauraon (Soowska-Brochocka,
1988; Calaayud e al., 2018). Temperae anurans accumulae uel reserves prior o brumaon
and mos o a emale’s a reserves go ino egg developmen over his overwinering period
(Pinder e al., 1991). In he wild, he delay o sexual mauriy has been linked o changes in
reproducve oupu and egg number as younger anurans requenly produce greaer numbers
o eggs, bu he eggs are o smaller individual size (Berven, 1988). This occurs due o he
negave relaonship beween he number and size o eggs produced (Jørgensen, 1981; Gibbons
and McCarhy, 1986). Females wih delayed sexual mauraon or hose in heir second year o
breeding are no longer devong so much energy o growh so hey can direcmore available
energy o egg growh, increasing he overall reproducve oupu while producing ewer eggs
(Berven, 1988). As such, he ming o sexual mauriy and consequen size or number o eggs
produced may be alered in ex siu amphibians, presenng novel challenges emales would
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oherwise no ace in he wild. The use o ulrasound echnology o monior ollicular
developmen is becoming increasingly popular or visualizing he presence, size, number, and
possible reenon o eggs in amphibians (Schildger and Trie, 2001; Calaayud e al., 2018;
Graham e al., 2018). The grading o ollicular developmen has also proven useul in idenying
which emales are ready o breed and which should be lef unl maure eggs have developed or
unl nex season (Graham e al., 2018; Burger e al., 2021). Conducng such ulrasound
examinaons in consecuve and repeaed ashion grealy improves he abiliy o correcly
ideny ovarian saus using changes in shape and size o ollicles o rack ollicular developmen
(Pimm e al., 2015).

c) Amplexus Behaviours
Despie heir bes aemps, ex siu environmens ineviably dier signicanly rom heir wild
counerpars, increasing he risk o losing physiological and behavioural responses which can
impac reproducon (Schule-Hosedde and Masromonaco, 2015; Calaayud e al., 2018).
Unsuiabiliy o housing or oviposion condions is requenly linked o egg reenon cases in
reples (Kummrow e al., 2010; Pimm e al., 2015). Similarly, insucien environmenal smuli
and inconsisen or incompable amplexus parners have been linked o egg reenon in
amphibians (Whiaker, 2001; Calaayud e al., 2018). Anuran reproducon can be riggered by
many dieren environmenal smuli such as emperaure, rainall, or mang behaviours o
conspecics (Ulloa e al., 2019). Amplexus, he mang posion o anurans, no only aids he
synchrony o egg and sperm release bumale amplecans may also aid he ransion o eggs
rom ovary o oviduc and release (Calaayud e al., 2018). However, in many conservaon
breeding programs, genec managemen pairs individuals wih opmal genecs raher han
allowing or more naural mae-selecon, ofen leading o incompable maes and reproducve
ailure (Asa e al., 2011). Such behavioural challenges are so commonplace ha exogenous
hormones are ofen used o increase reproducve behaviours and/or induce oviposion o he
reained eggs (Burger e al., 2021; Silla e al., 2021) raher han allowing or mae selecon.
Thus, he exisence o ex siu amplexus behaviours resembling hose observed in siu may be
crical o successul breeding (Schule-Hosedde and Masromonaco, 2015). I ex siu programs
hope o emulae naural mae selecon and breeding behaviours, a beer undersanding o he
signals and mechanisms used by he species o concern is essenal (Asa e al., 2011).

Egg Reenon in he Oregon Spoted Frog
The Oregon Spoed Frog (OSF) is currenly held in wo zoos and one aquarium (hereafer
“zoos”) as par o ongoing conservaon breeding and reinroducon programs. Despie some o
hese ex siu programs being in place or 10+ years, reproducve oupu is inconsisen, wih
low erliy and viabiliy among laid egg masses. Furher, his species has a uniquely communal
breeding approach, ofen showing srong oviposion sie deliy and laying egg masses in
communal piles (Phillipsen e al., 2010), which is dicul o replicae in capviy. Alongside and
perhaps relaed o hese challenges, egg reenon has become a consisen cause omoraliy
or emale OSF in all hree zoos. The relavely high incidence o egg binding (i.e.moraliy rom
egg reenon) may be an areac o how closely OSF healh is moniored ex siu, bu he
cause(s) have ye o be elucidaed. For insance, OSF held in hese ex siu populaons have
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requenly been repored o have a much higher body mass han wild conspecics, suggesng
his may be associaed wih egg binding, bu his has never been qualiavely assessed. In his
sudy, I aim o deermine wheher emale body condion, sexual mauriy or amplexus
behaviours play a role in he incidence o egg binding in OSF conservaon breeding programs
across Canada.

Hypoheses and Predicons
This sudy uses hisorical and curren cases o egg binding in OSF rom hree zoological
insuons o invesgae hree areas o ex siu husbandry previously linked o cases o egg
reenon in reples and amphibians. The purposes o his sudy were wo-old: 1) o deermine
wheher OSF becoming egg bound display a higher body condion han oher emales in heir
populaon; and 2) o deermine i egg binding can be prediced, reroacvely, based on
physiological aribues such as age and ollicular developmen, or by amplexus behaviours. The
predicons accompanying hese goals are as ollows: 1) i OSF in zoos are over-condioned,
heir reproducve oupu will exceed heir body’s abiliy o reabsorb unlaid eggs, leading o egg
binding; 2) young OSF wih increased ollicular developmen will reach sexual mauriy oo
quickly and produce a greaer number o eggs han heir body is able o lay or reabsorb, leading
o egg binding; 3) a lack o adequae behavioural smuli, evidenced by inconsisen or scarce
amplexus wih males, will cause OSF o reain eggs raher han lay hem, leading o egg binding.
This sudy could prove crucial o improving he managemen pracces o OSF in capviy by
addressing knowledge gaps and revealing paerns hamay be presen in amphibian breeding
programs worldwide.

Mehods
Sudy Area
There are six exan populaons o OSF remaining in Canada: Morris Valley (MV), Mounain
Slough (MT), Maria Slough (MS), Elk Brook (EK), Semmihaul Creek (ST), and McLennan (ML);
wih one reinroducon sie in a resored weland (Chaplin, CH) wihin he Maria Slough
waershed. These populaons are primarily locaed in oodplain marshes, sloughs or side
channels associaed wih he Fraser River Lowlands in Brish Columbia wih low o moderae
amouns o emergen vegeaon and sily subsrae (Environmen Canada, 2015). Egg mass
surveys are conduced annually a each o hese sies o deermine populaon size esmaes,
and a more exensive capure-mark-recapure program is ongoing a boh MS and MV. Due o
diering acilies, resources, and locaons, each o he hree zoos parcipang in he
conservaon breeding and reinroducon program has a unique approach. The Vancouver
Aquarium (VA) began is breeding program in 2010 and regularly holds 100-160 OSF in 25-30
gallon anks housed in a climae-conrolled greenhouse sysem, wih rogs generally ranging in
ages rom 0-11. The Torono Zoo’s (TZ) program, esablished as boh a breeding program and
assurance populaon, sared in 2010 as well and holds an average o 20 OSF a a me, all o
maure breeding age (> 2 years old). These rogs are housed similarly o hose a VA, in 25-30
gallon anks in a quaranne aciliy under sric condions o accoun or is disance rom local
Brish Columbia climae. While he Greaer Vancouver Zoo (GVZ) has helped headsar OSF
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since 2003, heir year-long breeding program did no begin unl 2017. They now house roughly
80-100 OSF o all ages, in 100 gallon sock anks held oudoors; running a more communal,
hands-o breeding seup compared o he closely conrolled condions a VA and TZ.

Egg Binding vs. Egg Reenon
Pos-morem repors on OSF deahs were obained rom boh TZ and VA or he years 2010-
2022. While egg binding or reenon was ofen a suggesed diagnosis, ew repors idened i
as a denive cause o deah. For he purposes o his sudy, “egg binding” was dened as any
case where a emale OSF died due o egg reenon or due o oherwise unknown causes while
reaining maure eggs. In necropsy repors, such cases ofen highlighed he presence o largely
disended ovisacs, necroc eggs, viscous masses, or numerous eggs ree oang in he body
caviy (unpublished daa). The diagnosis o egg binding was also applied in cases where OSF
suered common sympoms o egg reenon, such as lehargy or edema, bu eggs were
removed eiher surgically or by palpaon o preven deah. “Egg reenon”, on he oher hand,
was applied o cases where maure eggs were reained bu no acue adverse sympoms or
reacons were noed by husbandry sa. In oher words, egg binding reers o cases where rogs
suered acue, severe side eecs (including deah) rom egg reenon. Using hese denions,
all OSF who had been documened as dying o egg reenon since 2010 were classied as egg
bound or comparison o ongoing moralies.

Body Condion
Morphomeric daa were acquired, including mass (g) and snou-ven lengh (mm; SVL), rom
wild, gravid emale OSF, primarily rom populaons MS and MV, over he years 2012-2022.
These measuremens were all aken in spring (Feb-Apr) when OSF are mos acve, as par o
regular populaon monioring. I a gravid emale was caughmulple mes in a season, he
average o her collecve mass and SVL measuremens was used o accoun or human error.
Similarly, morphomeric daa were colleced rom zoo emale OSF where available hroughou
2010-2022. Due o diering husbandry pracces, here was less consisency in hese daa. Frog
mass was regularly recorded in he all (Sep-Nov) a TZ and VA and in he spring (Feb-April) a
TZ and GVZ. VA also recorded lenghs in he all bu measured snou-urosyle lengh (SUL) raher
han snou-ven lengh (SVL). GVZ measured SVL in accordance wih proocols or wild
populaons bu did so inermienly. To complemen his hisorical daase, a series o
measuremens (mass and SVL) were aken on available emale OSF a all hree zoos in March
2021 and November 2021. A ull lis o he available morphomerics is available in Appendix II.I.

Using hese daa, a Scaled Mass Index (SMI) was calculaed or emale OSF using a regression o
mass by SVL according o Peig and Green (2009). As menoned, lengh was recorded dierenly
beween dieren populaons, so I perormed a regression o SUL by SVL rom 24 adul emale
OSF a VA, wih boh measuremens aken on he same day, in riplicae o improve accuracy
(Fig. 2.1). This regression produced he equaon SVL = 1.196x – 10.709, where x = SUL. This
equaon was hen used o conver any SUL measuremens rom VA ino SVL or more accurae
comparison o measuremens rom oher zoo and wild populaons.
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Figure 2.1. Average snou-ven lengh (SVL; measured venrally) by snou-urosyle lengh (SUL; measured dorsally) o 24 emale
Oregon Spoted Frogs rom Vancouver Aquarium. Each poin indicaes he average o hree measuremens aken in sequence in
Ocober 2022.

An SMI ̂) was hen calculaed or each emale OSF (rom all zoo and wild populaons) using a
mass by SVL regression according o he ollowing equaon (Peig and Green, 2009):

̂ =  [
0

]


where Mi and Li represen he mass and lengh o individual i, respecvely and Lo is he
arihmec mean lengh or he sudy populaon. The scaling exponen (bSMA) was deermined
rom he sandardized major axis (SMA) regression o lnM on lnL. A dieren bSMA was
calculaed or each zoo populaon (VA, TZ, GVZ) and one or he combined “wild” caegory.
SMIs calculaed rom measuremens colleced over 2020-2021 ormed he mos complee
daase o all sampled populaons and was hen divided ino pre-brumaon (all) and pos-
brumaon (spring) caegories o accoun or emale gravidiy in he spring measuremens. This
SMI daase was hen used o perorm he ollowing comparisons: i) beween all wild
populaons, ii) beween all zoo populaons and a combined “wild” caegory, and iii) beween
egg bound (EB) and non-egg bound (non-EB) emales in VA and GVZ (TZ did no have any egg
bound emales over hese years). All sascal analyses were conduced using R Sascal
Sofware (v4.1.1; R Core Team, 2021), using ANOVAs, or Kruskal-Wallis ess in he case o non-
normal daa, perormed wih he R package “sas”.

To invesgae poenal dierences in body condion over a longer duraon han he 2020-2021
daase, available measuremens rom 2010-2021 were compiled ino a daase which consised
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o pre-brumaon mass records rom OSF held a VA and TZ. Corresponding lenghs were no
available or mos o hese records, so mass was used as he body condion esmae insead o
SMI. The corresponding age a he me o weighing was deermined using zoo records, wih he
all immediaely ollowing hach considered 0 years old. Pre-brumaon mass was hen ploed
over age or each populaon (VA and TZ) wih individuals idened as eiher EB or non-EB by
necropsy repors. Dierences in he growh o EB vs. non-EB individuals were hen analysed via
mixed modelling. Generalized linear mixed models (GLMM) were perormed via R package lme4
(R Core Team, 2021) o evaluae wheher pre-brumaon mass, age or populaon were
signican predicors o egg binding a TZ or VA over he years o 2010-2021. The repeaed
measure omass across he liespan o each rog was accouned or by inclusion o rog ID as a
random eec. Mass and age were sandardized o aid inerpreaon using he coecien o
variaon mehod (subracng he mean and dividing by he sandard deviaons) hrough he
uncon scale() in R (v4.1.1.; R Core Team, 2021). The ull model was ed as:

egg binding ~ mass * age + populaon + mass:populaon + (1|rog ID)
and he signicance o each variable and ineracon was hen esmaed by is wo-ailed p-
value using alpha = 0.05. Visualizaon o his model indicaed he relaonship beween mass
and age diered beween TZ and VA, so a new GLMM was hen ed o each populaon
separaely as:

egg binding ~ mass * age + (1|rog ID)
and he signicance o each variable and ineracon esmaed by heir p-values a alpha =
0.05.

Egg binding a Vancouver Aquarium in 2022
From all 2021 o spring 2022 he holding condions or OSF a VA were alered or he
purposes o an experimen assessing overwinering condions. Frogs were housed in sandard
anks, bu lea lier and some cover objecs were removed o creae a more serile environmen
or waer analysis. In early March, rogs were placed in breeding groups o 2 emales and 4
males, wih he excepons o i) one group where a male died over he winer and was no
replaced, and ii) ve groups o one-male: one-emale pairings. In his 2022 breeding season, a
high number o OSF became egg bound and no viable eggs were laid by any o he emales. The
daa colleced on hese rogs was used o rerospecvely predic egg binding. Daa colleced on
all maure (≥ 2 yo) emale OSF a VA included: i) age a he sar o he breeding season, ii)
genec source (i.e. wild populaon origin and/or origins o parens), iii) provenance (wild or zoo
born), iv) pos-brumaon mass (g; measured in March 2022), v) he number o eggs laid over
he course o he breeding period (regardless o viabiliy), and vi) heir pas breeding hisory as
eiher ‘Yes’ (i.e. has laid eggs in a previous year), ‘No’, or ‘Unknown’. Breeding behaviours (i.e.
amplexus) were also moniored or n=30 o he emale OSF over he rs 59 hrs o he 2022
breeding season, as described below.

A generalized linear model (GLM) was used via R package nlme (Lindsrom and Baes, 1990) o
evaluae he inuence o lie hisory characeriscs on he incidence o egg binding in he 35
emale OSF held a VA in 2022. Specically, egg binding was  as a response variable in a GLM
wih he ollowing poenal explanaory variables: i) inial ollicular grade (described in Secon:
1. Follicular Developmen), ii) provenance, iii) age, iv) pos-brumaon mass, v) previous breeding
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hisory, vi) number o eggs laid, and vii) genec source. As he number o poenal predicors
(each level o i-vii couns as a predicor) exceeded he number o responses (n=35
observaons), orward selecon was perormed o avoid overtng, sarng rom he null
model:

egg binding ~ 1
Beore proceeding rom he null GLM, a null GLMM was  o he same daa using i) ank, ii)
reamen (rom he concurren overwinering experimen), and iii) boh ank and reamen as
poenal random eecs o accoun or variabiliy caused by holding condions. The null GLM
had a beer  han any o he lised GLMMs, according o he Akaike Inormaon Crierion
(AIC), and proceeding wih he GLMM caused overtng so modelling was connued wih he
GLM insead. From he above null GLM model, orward model selecon was perormed by
tng each o he explanaory variables previously lised (i-vii) o he response (ex: egg binding
~ age) and he AIC o each resulng model compared. The model wih he lowes AIC was
seleced and an addional explanaory variable or ineracon was hen added o his model (ex:
egg binding ~ age + provenance) wih he besmodel seleced by lowes AIC again. This paern
was repeaed unl addion o explanaory variables no longer improved he model . The
signicance o each variable and ineracon in he nal model was hen esmaed by heir wo-
ailed p-values a alpha = 0.05.

1. Follicular Developmen
During he 2022 breeding season, ovarian images were obained via ulrasonography rom
emale OSF a boh VA and GVZ o rack ollicular developmen. A VA, he rs ulrasound
image was aken on all adul emale OSF he day beore rogs were pu ino heir breeding
groups (March 7, designaed “day 00”). A GVZ, he rs ulrasound image was aken
immediaely prior o he rogs being placed in heir breeding groups (March 2, day 01). Two
more ulrasounds were colleced on he OSF a VA during he breeding season (March 25, day
18, and April 13, day 37), and a nal collecon o ulrasound images was aken on each
surviving emale a he end o he breeding season (April 30, day 54). The end o he breeding
season a VA was deermined by he cessaon o breeding in he wild and ew VA rogs
remaining in amplexus. The OSF a GVZ were ulrasounded only once more on March 29 (day
28), as mos had already laid heir eggs by his poin. Ulrasound images were also colleced
opporuniscally rom wild emales colleced a he wild capure-mark-recapure sies during
he acve breeding season or comparison o hose colleced on zoo OSF. A ollicular grading
scheme or OSF was generaed using he images colleced ollowing he grading schemes
developed by Calaayud e al. (2018), Graham e al. (2018), and Julien e al. (unpublished).
Taking species and echnology speciciy (i.e. he use o dieren ulrasound echnology) ino
accoun, I used hese reerences and ulrasound images colleced rom wild rogs as an indicaor
or he naural appearance o creae a grading scale (0-4; Figures 2.2 and 2.3).

Grade 0 delineaes a non-gravid ovary: ew o no deecable ollicles, which occurs in immaure
emales or pos-oviposion o all eggs (Fig. 2.2A). Grade 1 is early-gravid: small, sparse ollicles
are deecable as echogenic (whie or grey appearance) dos (Fig. 2.2B). Grade 2 is mid-gravid:
pre-ovulaory ollicles begin o ge larger (vs. Grade 1 ollicles) and show more evenly spaced
paerns o anechoic (dark) ollicular uid beween hem (Fig. 2.2C). Grade 3 is lae-gravid: eggs
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are larger sll, yolked, more spread ou and surrounded by large hypoechoic (grey-black) areas
indicang he accumulang ollicular uid (Fig. 2.2D). Ovulaed eggs may appear more caudal.
Grade 4 was assigned pos-hoc o OSF wih maure, ovulaed eggs who ailed o oviposi a
complee egg mass – which could indicae egg binding or egg reenon (Fig. 2.3). Ulrasound
images assigned a Grade 4 may compleely resemble hose o a Grade 3, wih he poenal
addion o visibly degenerang eggs and/or elongaed, circular eggs (Fig. 2.3A).

Figure 2.2. Follicular developmen grading scheme or he Oregon Spoted Frog wih our sages o developmen displayed A)
hrough D). Coloured arrows are explained in each image legend.

Using he grading scheme in Figure 2.2, each OSF was assigned a ollicular grade rom 0-3 or
every ulrasound even (ex. day 00, day 18). The disribuon o VA ollicular grades, parcularly
he rs grade (day 00), were hen compared across he oher measured OSF rais (ex. age,
mass, breeding hisory) and across reproducve oucomes (EB, ER, LA, NF; described below).
The inial ollicular grade or VA OSF was also used as an explanaory variable in he GLM
described in he secon above (Egg binding a Vancouver Aquarium 2022). Reproducve
oucomes were assigned o each OSF a he end o he breeding season. OSF wih eiher a grade
2 or 3 ollicular developmen on heir nal ulrasound image bu who exhibied no adverse side
eecs were given a reproducve oucome o Egg Reenon (ER). Females who laid all heir
maure eggs prior o day 54, wih no maure eggs discernable on ulrasound, were given a

A) Grade 0 – Non-
gravid. Few o no
deecable ollicles.
May be rom immaure
emale or pos-
oviposion o all eggs

B) Grade 1 – Early
gravid.
Small, sparse bu
clusered ollicles
deecable as
echogenic dos (yellow
arrows)

C) Grade 2 – Mid-
gravid.
Pre-ovulaory ollicles
(yellow arrows) are
getng larger and
elongaed, surrounded
by even paerns o
anechoic (dark)
ollicular uid (whie
arrow)

D) Grade 3 – Lae-
gravid.
Sll larger, yolked eggs
(grey cenre; blue
arrow) are more
spread ou and caudal,
surrounded by more
hyperechoic ollicular
uid (whie arrow).
Eggs are more
elongaed or circular
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reproducve oucome o Laid All Eggs (LA). Females who never developed maure ollicles,
remaining a eiher grade 0 or 1 hroughou he breeding season, were given a reproducve
oucome o No Maure Follicles (NF). Mos NF emales had no reached sexual mauriy ye.
Females who died, or who exhibied oher severe side eecs, while reaining maure eggs
(grade 2 or 3) were Egg Bound (EB). EB and ER were no disnguishable by ulrasound (see
Figures 2.2 and 2.3) bu only by he presence o sympoms such as lehargy, edema, renal
ailure, and deah.

Figure 2.3. Necropsy o an egg bound Oregon Spoted Frog. The ulrasound image (A) was aken immediaely prior o deah and
he necropsy (B-C) perormed once deah was conrmed. Reained eggs were ound loose in he body caviy on he righ side (D),
and in he lef ovisac (E). Eggs are labelled in (C) as being removed rom he righ side (R) or lef side (L).

2. Amplexus behaviour
Sarng a 0hr, he breeding groups housed as 2:4 emale:male rao (30 emales:60 males oal
across 15 anks) were moniored by wo observers unl 59hr in 6-hour shifs rom 7:00-13:00
and 13:00-19:00. Surveillance cameras were used o record behaviour during all hours ha

A) Grade 4 – Egg bound or
egg reenon
Conain maure, circular,
ovulaed eggs (blue arrow)
and some degenerang eggs
(pink arrow) surrounded by
uid (whie arrow).
Individuals ailed o oviposi
a complee egg mass.

D)

L

R

E)

C)B)
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observers were absen. Each observer was responsible or monioring 7 or 8 anks, sitng where
hey could view mos, i no all, o heir assigned anks. Monioring began afer a 10 minue
acclimaon period. Every 15 minues (or when addional visibiliy was needed) observers sood
o check each ank and ensure no behaviours had been missed. The me or each o he
ollowing behaviours was recorded per emale OSF: i) me a rs amplexus (laency); ii) ailed
amplexus (male ully releases a emale he was amplexing); and iii) new amplexus (iniaon o
any amplexus afer he rs amplexus). These same me samps were recorded or all video
ooage. Due o signican variaon in he recorded amplexus duraons, he duraons were
separaed ino hree disnc phases beore analysis: Touch (x < 0.14 hrs), Aemp (0.14 < x < 4
hrs), and Exended Amplexus (x > 4 hrs).

Validiy of VA breeding season daa

Due o he condions o he concurren overwinering experimen, here was a risk o he
amplexus behaviour o VA rogs being negavely impaced and resulng in ‘abnormal’
behaviour during he 59 hr observaon period. While behaviour was no recorded a GVZ,
ollicular developmen was compared beween VA and GVZ o validae he behaviours recorded
a VA. I was known ha OSF a GVZ enered amplexus wihin hours omales and emales being
pu ogeher and mos emales laid eggs wihin wo weeks, prior o heir second ulrasound.
Thereore, using ollicular grade as a measure o emale recepviy (Wilczynski and Lynch,
2011), I prediced ha i he disribuon o VA ollicular grades mached ha o GVZ rogs, hen
amplexus would no be hindered by emale recepviy more han was ypical in he zoo
populaons. I inial ollicular grades were consisenly i) higher or ii) lower a VA compared o
GVZ hen he overwinering condions had mos likely already led o (i) egg binding or (ii) had
delayed ollicular developmen, enough o negavely impac emale recepviy.
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Figure 2.4. Grades o ollicular developmen rom ulrasonography on OSF a Vancouver Aquarium (VA) and Greaer Vancouver
Zoo (GVZ). A) The rs ulrasound images were aken on March 2 a GVZ and March 7 a VA. B) The second round o ulrasound
images was aken on March 29 a GVZ and March 25 a VA. By he second ulrasound, mos GVZ rogs had already laid heir
eggs, so a hird ulrasound was no aken, bu no viable eggs had been laid a VA. C) The hird round o ulrasound images was
aken only a VA, on April 13. Follicular grade 4 was assigned pos-hoc o EB OSF once deceased.

A similar rend in he disribuon o grades was observed beween VA and GVZ on heir rs
ulrasound (Fig. 2.4A), alhough some VA rogs had delayed ollicular developmen, wih ewer
rogs a grade 3 han a GVZ. By he second ulrasound (Fig. 2.4B), mos GVZ rogs had dropped
o grade 0 afer laying heir eggs. A VA, mos grade 1 OSF had now developed o grade 2 or 3
bu sll no oviposion had occurred. By he hird ulrasound a VA (aken on day 37; Fig. 2.4C),
some OSF had become egg bound, bu he grade disribuon was oherwise much he same as
or he second ulrasound (Fig. 2.4B), indicang a connued delay in oviposion. While
amplexus omales and emales usually begins as soon as made possible, i is common or
oviposion o occur laer a VA relave o wild populaons and GVZ (Kris Rossing pers. comm),
so he delayed ollicular developmen porrayed in Figure 2.4A is no isel surprising. The major
ollicular developmen delays a VA appear o be: i) rom grade 2 o grade 3, and ii) rom grade 3
o oviposion, suggesng i was no he inial sages o ollicular developmen ha diered
rom GVZ, bu raher he lack o egg laying. Amplexus occurred wihin hours or all GVZ rogs
regardless o ollicular grade, so he same should have been possible a VA since hey ollowed a
similar grade disribuon as GVZ. These daa seem o validae he assumpon ha amplexus
was no hindered a VA, despie ollicular developmen delays. However, cauon should sll be
aken when exrapolang any resuls rom his recorded amplexus daa or when implying any
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‘normal’ versus ‘abnormal’ behaviours. As a nal validaon, he overwinering reamen groups
were esed as predicors o EB in a generalized linear model. No reamen group was ound o
be a signican predicor (all p > 0.05) and egg binding cases were ound in all reamens
excep Visual (Fig. 2.5), suggesng hese overwinering reamen groups were no primarily
responsible or he egg binding cases ound herein.
Figure 2.5. Disribuon o egg binding cases across overwinering reamen groups or Oregon Spoted Frogs a he Vancouver

Aquarium. Treamen groups had varying levels o exposure beween male and emale OSF. Frogs were separaed in Conrol, had
circulang waer beween separae anks in Hormone and shared a clear wall in separae anks in Visual. The H+V had boh
Hormone and Visual exposure, and in Physical +HV he sexes were ogeher or he whole overwinering period. The Solo
reamen had one emale per ank. Oucome reers o he reproducve oucome o each OSF a he end o he breeding season
(EB, ER, LA, NF).

The inuence o amplexus behaviours on he incidence o egg binding in he OSF a VA in 2022
was modeled wih a generalized linear model (GLM). This modelling was perormed separaely
rom he aoremenoned lie hisory GLMs (See secon: Egg binding a Vancouver Aquarium
2022) o avoid errors due o missing daa as only n=30 rogs had heir amplexus behaviour
recorded during he breeding season. Thus, a GLM was  o egg binding (he response variable)
using he explanaory variables o i) oal hours in amplexus, ii) me o rs amplexus (laency),
iii) oal number o amplecans, and he number o iv) ouch, v) aemp, or vi) exended
conac evens. A null model o egg binding ~ 1 was  wih he daa o he 30 OSF wih
amplexus daa. Forward selecon was conduced by adding one explanaory variable a a me
and selecng he model wih he lowes AIC, unl he addion o explanaory variables no
longer improved model . Then he signicance o each variable and ineracon in he nal
model was esmaed by heir wo-ailed p-values a alpha = 0.05.



 45 

Resuls
Scaled Mass Index
The mean SMIs (± sandard error) or all wild populaons measured pos-brumaon (spring) in
2021 were 46.2 ± 2.3 (MV; n=13), 48.9 ± 3.1 (CH; n=7), and 54.7 ± 1.2 (MS; n=25; Appendix II.II,
Fig. A2.1). There were no signican dierences among hese SMI esmaes (Kruskal-Wallis wih
pos-hoc Dunn es: all pairwise p > 0.05), so hey were combined ino one “wild” esmae or
all urher analyses. Comparing zoo populaon pos-brumaon measuremens wih he “wild”
esmae, he mean SMI was highes a VA (75.2 ± 6.1) and lowes a GVZ (40.9 ± 1.8). Boh TZ
and VA had signicanly higher mean SMI han he “wild” (Kruskal-Wallis, Dunn es: boh p <
0.001), while GVZ had a signicanly lower mean SMI han he “wild” (Kruskal-Wallis, Dunn es:
p = 0.0005). Pre-brumaon (all), he mean SMI did no signicanly dier beween VA and GVZ
(Kruskal-Wallis p = 0.78). Ineresngly, he mean SMI a GVZ decreased rom all o spring while
he opposie rend was observed a VA (Fig. 2.6). In he case o SMI rom egg bound (EB)
compared o non-EB emales wihin heir respecve populaon (VA, GVZ), no signican
dierences were observed pre- or pos-brumaon rom 2020-2021 (ANOVA p = 0.167; Fig. 2.7).

Figure 2.6. Scaled mass index based on mass and snou-ven lengh or emale Oregon Spoted Frogs in 2020-2021. Pre-
brumaon esmaes were measured in he all (Oc-Dec) while pos-brumaon esmaes were measured in he spring (Feb-
May). Zoo sample sizes (GVZ, TZ, VA) do no represen he whole emale populaon bu hose available and measured in each
season respecvely. The wild caegory conains all wild emale OSF capured hrough regular populaon monioring in 2021,
including individuals romMaria Slough, Morris Valley, and Chaplin.
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Figure 2.7. Scaled mass index or emale OSF he zoo populaons A) VA and B) GVZ, measured in 2020-2021. Pre-brumaon (all)
includes measuremens rom 2020 and 2021 while pos-brumaon (spring) includes measuremens rom 2021 only. Individual
OSF who became egg bound any me rom 2020-2022 were couned as egg bound (EB) or all SMI esmaes, while all ohers
were considered non-EB.

Growh of Female OSF
The bes- GLMM o predic EB a VA and TZ included he variables mass, age, and populaon
and all o heir ineracons. This nal model, however, conained no signican predicors o egg
binding (all p > 0.05), indicang hamass, age, and populaon did no signicanly inuence
he incidence o egg binding (see Appendix II.III or ull model oupu). Separae analyses per
populaon (VA, TZ) did no reveal any signican inuence omass, age, or heir ineracon
eiher (all p > 0.05). Scaled esmaes or he VA GLMM were all low and EB had a negave
relaonship wih boh mass (esmae = -0.009) and age (esmae = -0.20), suggesng ha
individuals wih lower mass or age had a higher chance o egg binding. Their ineracon
(mass*age), however, had a posive esmae (0.05), suggesng ha as an individual ages, a
higher mass leads o greaer risk o egg binding (Fig. 2.8A). Individual esmaes were higher in
he TZ GLMM, alhough again no signican. In his case, mass had a posive esmae (3.3),
age had a negave esmae (-2.6), and heir ineracon was close o 0 (0.006). The srengh o
hese esmaes may be inuenced by small sample sizes per age group (wih n decreasing as
age increases). Overall, he model indicaes individuals wih higher mass or o younger age have
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a greaer risk o egg binding, bu he relaonship beween hese acors is less disnc (Fig.
2.8B).

Figure 2.8. Mass changes in emale OSF as hey age a A) Vancouver Aquarium and B) Torono Zoo. Individual rogs were
idened as egg bound (darker circles) or non-egg bound (ligher riangles) by zoo necropsy repors. A quadrac regression is 
o he individual daa poins and he shaded area represens each line’s respecve 95% condence inerval. Group sizes varied
wih A) 12 EB and 74 non-EB OSF rom TZ, and B) 167 EB and 303 non-EB rom VA. Frog weighs were colleced pre-brumaon
(Oc-Dec) rom 2010-2021.

Follicular Grade
Comparing he inial ollicular grade (rom day 00) by he reproducve oucome o OSF a VA
(EB, ER, LA, NF) revealed ha emales wih more developed ollicles (higher ollicular grade) a
he sar o he breeding season had a higher chance o experiencing egg binding (Fig. 2.9A).
The mean ollicular grade (± SE) was 2.38 ± 0.3 or EB, 1.6 ± 0.2 or ER, 1.7 ± 0.9 or LA, and 0.4 ±
0.2 or NF. The majoriy (63%) o OSF who became egg bound had lae-gravid (grade 3) ollicular
developmen on day 00 (Fig. 2.9B). In comparison, 89% o emales which showed egg reenon
had eiher a grade 1 (n=7) or 2 (n=10) on day 00. By he second ulrasound dae (day 18; Fig.
2.9C) all EB rogs had developed ully maure ollicles (grade 3 or 4). By he nal me poin (day
54; Fig. 2.9D) 7 ou o 8 EB cases had already occurred, leaving he grade 2 and 3 ollicular
developmen as 95% ER rogs (Table 2.1).
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Figure 2.9. Follicular grades by reproducve oucome or emale Oregon Spoted Frogs a Vancouver Aquarium. Panels B)
hrough D) show he disribuon o reproducve oucomes by ollicular grade, deermined by ulrasound, on days 00 (B; he day
prior o being pu wih males in breeding groups), 18 (C), and 54 (D; he end o he breeding season). Grades range rom 0 (no
ollicular developmen) o 3 (maure eggs), wih grade 4 assigned pos-hoc o EB individuals afer heir deah. The NA in D)
indicaes an OSF who died due o causes unrelaed o egg reenon. The black circles in A) indicae he mean ollicular grade.

Table 2.1. Oregon Spoted Frog ollicular grades over he 2022 breeding period (n=35). Reproducve oucomes were: egg bound
(EB), egg reenon (ER), laid eggs (LA), or no maure ollicles developed (NF).

Day o
ulrasound

Grade 0 Grade 1 Grade 2 Grade 3 Deceased

00 1 ER, 1 LA, 3 NF
Toal = 5

2 EB, 7 ER, 2 NF
Toal = 11

1 EB, 10 ER, 1 LA
Toal = 12

5 EB, 1 ER, 1 LA
Toal = 7

0

18 1 ER, 1 LA, 3 NF
Toal = 5

1 LA, 2 NF
Toal = 3

16 ER
Toal = 16

8 EB, 1 ER, 1 LA
Toal = 10

1 EB

37 2 LA, 2 NF
Toal = 4

1 ER, 3 NF
Toal = 4

14 ER
Toal = 14

6 EB, 3 ER
Toal = 9

3 EB, 1 NF
Toal = 4

54 2 LA, 2 NF
Toal = 4

1 ER, 3 NF
Toal = 4

10 ER
Toal = 10

1 EB, 8 ER
Toal = 9

7 EB, 1 NF
Toal = 8
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Mass and Age
The mean (± SE) pos-brumaon mass o VA OSF was 31.0 ± 2.5g or 3-year-olds and 59.9 ± 2.6g
or 4+ year-old individuals, wih older rogs (4+) having a signicanly greaer mass han he 3
year-olds (ANOVA p < 0.0001). Wihin he 3-year-old group, he mean mass ranged by
reproducve oucome rom 18.0 ± 1.7g (NF) o 40.7 ± 4.0g (LA; Fig. 2.10). The mass o NF
individuals was signicanly lower han LA individuals (Tukey HSD p=0.02), bu no oher
reproducve oucomes signicanly diered in his age group. For all individuals 4+ years old
(combined o accommodae low sample sizes), he mean mass ranged rom 48.4 ± 3.5g (NF) o
81.8 ± 2.7g (EB), wih EB showing a signicanly greaer mass han ER (Tukey HSD p=0.02), LA
(Tukey HSD p=0.03), and NF (Tukey HSD p=0.007); no oher groups signicanly diered.

Figure 2.10. Pos-brumaon mass o emale OSF held a Vancouver Aquarium (n=35). Frogs were weighed in March 2022,
immediaely prior o heir breeding season. Age, rom he me o weighing, is grouped by 3 years-old (ypically rs-me
breeders) and 4+ years-old o aid analysis.

Despie he signican dierences in pos-brumaon mass beween age and reproducve
oucome (Fig. 2.10), neiher o hese variables proved o be signican predicors o EB. In ac,
he bes- GLM included only inial ollicular grade (rom day 00) as an explanaory variable.
As ollicular grade on day 00 increased (rom 0 o 3) he chance o egg binding signicanly
increased (p=0.02; ull model oupu in Appendix II.III). The oher poenal explanaory
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variables ha did no show any eec were: i) age, ii) spring mass, iii) previous breeding hisory,
iv) number o eggs laid, and v) provenance.

Amplexus Behaviours by Follicular Grade
None o he measured amplexus variables explained a signican amoun o he variaon in egg
binding incidence in he 30 OSF wih recorded behaviour a VA in 2022. The null GLM, egg
binding ~ 1 proved a beer  (lowes AIC) han any model wih amplexus variables included.
While no predicve o egg binding, analysis o he amplexus variables agains he previously
described lie hisory characeriscs revealed some rends in mang behaviours even i
signicance was lacking. Individuals wih an inial ollicular grade o 0 ook he longes me o
be amplexed (mean laency = 12.7 hrs), while emales wih a grade 2 ook he leas amoun o
me (mean laency = 3.5 hrs), alhough hese dierences were no signican (ANOVA p=0.186).
These same OSF wih ollicular grade 0 spen an average o 0.21 hours in amplexus over he rs
59 hours which was signicanly less han he grade 2 emales, who spen an average o 27.8
hours in amplexus (Kruskal-Wallis wih Dunn es; p = 0.028). Females wih an inial ollicular
grade o 3 spen an average o 29.2 hours in amplexus, bu his was no signicanly dieren
han any oher group due o variance in he daa (Appendix II.II, Fig. A2.2). There were no
signican dierences in he number o amplecans or each ollicular grade (0-3) on each
ulrasound day (or day 00-54, ANOVAs: p=0.286, p=0.637, p=0.408, p=0.0868, respecvely).
The number o each conac phase even (i.e. ouch, aemp, exended) increased wih
increasing ollicular grade (on day 00) up o grade 2, whereupon i decreased or ollicular grade
3s (Fig. 2.11). Overall, grade 3 emales experienced ewer conac evens han grade 1 or 2
emales. No signican dierences were observed in he oal me in amplexus, me o rs
amplexus conac or oal number o amplecans beween EB and any oher reproducve
oucome (i.e. ER, LA, NF; ANOVA p > 0.05; Fig. 2.12). For 25 o he 30 OSF, he number o ouch
conacs (duraon < 0.14 hrs) ounumbered any longer conac (aemp and exended),
regardless o reproducve oucome.
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Figure 2.11. Disribuon o amplexus conac evens by ollicular grade. Even duraons are ouch < 0.14 hrs, 0.14 < atemp > 4
hrs, exended > 4 hrs. Sample sizes dier beween ollicular grade: grade 0 (n=5), 1 (n=11), 2 (n=12), 3 (n=7). Coun scales (y-axis)
dier, wih he majoriy o conac evens being ouch.

Figure 2.12. The percenage o conac evens according o OSF reproducve oucomes. Each coun represens conacmade on
a emale OSF by a male. The duraon o his conac is classied as eiher ouch (< 0.14 hrs), atemp (0.14 < x > 4 hrs) or
exended (> 4 hrs). The same male may conac a emale more han once in a row; each is couned as unique conac. Sample
sizes diered beween reproducve oucomes: EB (n=8), ER (n=12), LA (n=3), NF (n=5).
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Discussion
Egg reenon may well be a naural phenomenon in amphibians, bu escalaon o he
reproducve disorder known as egg binding has been uniquely observed in zoological
populaons, which aords an opporuniy o monior and sudy his anomaly. While no primary
causes or egg binding have been elucidaed herein, many poenal avenues were explored in
OSF. Here, we highligh he diering impac o increased mass on reproducve oucome in
young and old rogs, wih only he laer increasing he risks o egg binding. Furher, he grade
o ollicular developmen a he onse o he breeding season was signicanly associaed wih
subsequen egg binding incidence, wih poenal correlaons o reabsorpon capacies. Wih
he possibiliy or praccal applicaon in ongoing OSF recovery acons, his sudy sheds ligh on
a reproducve healh concern impacng many conservaon breeding programs.

Scaled Mass Index
The pos-brumaon SMI esmaes rom VA and TZ were signicanly greaer han he mean
wild SMI, aligning wih he increased body condion values ofen ound in animals under
human care compared o wild conspecics due o a consisen and high-calorie die, he
eliminaon o predaon, and/or conrolled climae (Blanco and Sherman, 2005; Kummrow e
al., 2010). These increased SMI esmaes may reec greaer reproducve oupu (Necas,
1999), a larger body mass, or boh. On he oher hand, pos-brumaon SMI was lower a GVZ
han he wild esmae, conrasng wih expecaons. SMI esmaes are mean o be
comparable across age groups by accounng or relave allomeric growh (Peig and Green,
2009), bu reproducve oupu ofen increases wih increasing emale age (Liao e al., 2014)
and a smaller reproducve oupu in he relavely young cohor a GVZ in 2020-2021 would
reduce is overall SMI in comparison o VA and TZ. While gravidiy was accouned or by
comparing SMI wihin pre-brumaon and pos-brumaon seasons (Prado and Haddad, 2005), i
is possible he level o ollicular developmen impaced measuremens wihin he pos-
brumaon season as well. Follicular developmen was nomoniored or graded in spring o
2021 and while SMI perorms beer han oher body condion indices ameasuring he
presence o eggs, i does no disnguish sages o egg developmen which inrinsically denoes
an increasing densiy and size o ollicles (Calaayud e al., 2018). Thus, i zoo and wild rogs
were measured a dieren ollicular grades, his migh ranslae o signican dierences in
SMI. Zoo rogs were measured prior o being pu in breeding groups, meaning oviposion may
no have occurred or 2-4 weeks, while wild rogs are assumed o oviposi wihin hours o days
o capure. This laer assumpon is based on eld observaons where emales are rarely seen
unless acvely breeding and prior research suggess emales only ener he breeding area when
hey are ready o breed (Lich, 1969). Furher, ulrasound images rom wild OSF colleced in
2022 indicaed all had grade 3 ollicular developmen, suggesng imminen oviposion. Taking
he poenal dierence in ollicular grades ino accoun, each zoo SMI represens a conservave
esmae or he pos-brumaon season which migh have connued o increase over he nex
couple weeks, while wild OSF were a heir highes poenal SMI or he season. The wild SMI
esmaes, hereore, likely represenmore o he reproducve oupu while hose rom he
zoos represenmore o he rog’s a reserves, assuming here would be no signican
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dierences in reproducve oupu a grade 3 beween wild and zoo populaons. VA and TZ,
hen, have signicanly greaer a reserves han wild conspecics bu no necessarily he
increased reproducve oupu hypohesized o cause egg binding due o surpassed physical
capacies (Kummrow e al., 2010). A GVZ, i ollicular developmen was delayed relave o
wild individuals his would help explain heir lower SMI. Furher, increased enrichmen and
acviy rom he more nauralized, larger holding anks (Chum e al., 2013) and communal
breeding seup a GVZ migh accoun or lower a reserves (as represened in SMI esmaes)
relave o VA and TZ bu would no explain he dierence rom wild esmaes.

Despie he lower SMI a GVZ, egg binding occurred here a a similar rae as in he oher zoos
and no signican dierences were ound beween EB and non-EB rogs a VA or GVZ. While
overweigh OSF a VA and TZ migh be o concern as a phenoypic divergence rom wild
conspecics, hese resuls sugges increased body condion is no a primary conribuor o egg
binding in OSF. However, his conclusion may be inaed by small sample size as here were only
3/42 and 13/45 EB rogs a GVZ and VA respecvely, rom 2020-2022. A urher phenoypic
inconsisency is he mean SMI a GVZ markedly decreasing rom pre- o pos-brumaon (52.4 o
40.9 g) while a VA he SMI increased rom pre-brumaon. Temperae anurans do no eed
during brumaon (Pinder e al., 1991) and OSF do no resume oraging unl afer he breeding
period so he decreased SMI migh reec he loss o body weigh over he winer. For emale
anurans, however, mos o he energy reserves sored up prior o brumaon are channeled ino
egg producon (Pinder e al., 1991), which should have increased heir pos-brumaon SMI
since his index accouns or reproducve oupu (Calaayud e al., 2018). While poenal
dierences in ollicular grade may help accoun or he lower pos-brumaon SMI a GVZ, i
does no explain he decrease rom all o spring and i would be imporan o deermine
wheher hese diering paerns o SMI change are consisen year-o-year a each zoo. The OSF
a all hree zoos should be weighed and measured according o a common sandard (i.e. SVL,
no SUL) a leas wice a year, pre-brumaon and pos-brumaon. This will allow more accurae
comparison o body condion rends wihin and across zoos; an imporan rs sep in
deermining he cause o any dierences conrmed herein.

Body Mass in Young OSF
Larger rogs ypically have a larger reproducve oupu consisng o ewer bu larger individual
eggs han smaller rogs o he same age (Duellman, 1989). As rogs age hey direcmore energy
oward reproducon insead o growh, increasing heir overall reproducve oupu relave o
younger rogs, reecng posive rends beween reproducve oupu, age, and body size a
(Jørgensen, 1981; Gibbons and McCarhy, 1986; Liao e al., 2014). While egg size and number
were no esmaed in his sudy, heory implies ha he 3-year-old OSF a VA in 2022 would
have a lower reproducve oupu han older OSF, reducing heir risk o egg binding as a resul o
exceeded reabsorpon capacies (Kummrow e al., 2010). Ye, mos egg binding occurred in 3-
year-old OSF wih a lower body mass (hough no signicanly) han ER or LA rogs o he same
age. The greaer mass o ER and LA 3-year-old OSF could be a resul o increased growh -
indicang reduced reproducve invesmen due o energy rade-os (Berven, 1988; Liao e al.,
2016) - or a resul o increased reproducve oupu in he orm o larger bu ewer eggs
(Duellman, 1989). I he ormer is rue, OSF wih reduced ecundiy (i.e. lower reproducve
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oupu) in heir rs breeding season devoe more energy o connued growh over a longer
liespan (Williams e al., 2006), wih his reduced early ecundiy consequenly reducing heir
early risk o egg binding. However, i he laer assumpon is rue, hen smaller OSF producing a
greaer number o albei smaller eggs are a higher risk o egg binding han OSF producing
ewer bu larger eggs, perhaps due o a greaer space-occupying eec - wih he vas numbers
o eggs inerering wih oher inernal organ uncons (Hedley, 2016). Boh o hese poenal
explanaons should be invesgaed hrough counng and measuremen o boh laid and unlaid
eggs in rs-me breeders parcularly, as hese hypoheses hold very dieren implicaons or
OSF husbandry. I speeding up growh limis early ecundiy and reduces egg binding risks, he
impacs o omitng he brumaon period in avour o growh (Calaayud e al., 2015, 2020)
should be careully invesgaed. These conclusions on he impac o body mass on egg binding
risks should be observed cauously, however, as EB OSF had lower body mass han ER and LA
rogs, bu hese dierences were no signican, nor were here signican pre-brumaon mass
dierences or 2-3-year-old EB rogs a VA and TZ over 2010-2021. Thereore, OSF in heir rs
breeding season should be careully moniored or signs o egg binding regardless o body mass
unl he impac on young rogs is more clearly delineaed.

Body Mass in Old OSF
In he long-erm daase rom VA and TZ (2010-2021), mass dierences became visible or OSF
over he age o 5, and in 2022 a VA, older EB rogs (4+ years-old) had signicanly higher pos-
brumaon body mass han rogs wih oher reproducve oucomes (ER, LA, NF). Alhough
weakly, he modelling o long-erm daa rom VA (2010-2021) echoes a dichoomous
relaonship beween mass and age. An increasing mass elevaed he risk o egg binding only as
a rog aged, bu as sandalone predicors i was lower age ha prediced EB wih mass on is
own having negligible impac. The modeling o long-erm TZ daa, while again no signican,
showed he same paern in he ormer wo predicors (i.e. age and is ineracon wih mass)
bumass had a sronger posive relaonship wih EB, indicang ha an increased body mass a
any age increased he risk o egg binding, albei slighly. This dierence could be explained by
dierences in populaon demographics, since TZ generally has an older cohor o rogs, hus
liming he sample size o 2-3-year-old rogs and hus he ull disribuon o ages. I should be
noed ha he long-erm daases or boh VA and TZ use pre-brumaon body mass and while a
rog’s nurional saus ouside o he breeding season can be relaed o egg size and/or
number (Jørgensen, 1981), his is no always he case (Lüddecke, 2002). In ac, here is
generally a rade-o beween somac mainenance (i.e.mainenance o he srucural body)
and reproducon (Kirkwood, 2001). Decreased early ecundiy (ex. by he delay omauraon)
avours longeviy and increased body size (Williams e al., 2006; Liao e al., 2016). While here is
evidence o OSF living up o 10 years in he wild (unpublished daa), hey are generally believed
o live much shorer lives han hose in capviy; Sark and Meiri (2018) repored animals held
ex siu live an average o 17% longer han wild conspecics. However, wih he longeviy o zoo
animals comes a decline in perormance and uncon (i.e. senescence) which is no generally
seen in he wild due o predaon and oher exrinsic pressures (Saino e al., 2002). Aging rogs
have also been seen o reain more eggs or a longer me han younger rogs, perhaps no
longer able o clear apopoc eggs rom heir genial rac (Iguchi e al., 2013). The slower
meabolism o larger animals combined wih he impacs o senescence (Saino e al., 2002) and
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greaer numbers o reained eggs may overwhelm he physical capaciy o older OSF o
reabsorb unlaid eggs (Kummrow e al., 2010), leading o egg binding laer in lie. This reieraes
he need or ex siu OSF morphomerics o be measured on a more consisen basis using
common mehodology o allow urher invesgaon o hese rends a all zoos. Die and acviy
levels o ex siu OSF should also be adjused o slow he over-condioning (i.e. high body mass)
o OSF as hey age, since maching he phenoype o wild conspecics should be a goal o
conservaon breeding programs (Schule-Hosedde and Masromonaco, 2015), le alone he
concomian bene o reducing egg binding risks.

Follicular Developmen and Breeding Behaviours
The ollicular grade o OSF prior o breeding proved o be he only signican predicor o egg
binding among all esed variables or VA in 2022, which included lie hisory characeriscs (ex.
age, breeding hisory, mass) and amplexus behaviours (ex. laency, number o amplecans, me
in amplexus). Increasing ollicular grade (rom 0 o 3) increased he chance o egg binding such
ha emales who sared he breeding season wih lae-gravid ovaries and maure eggs (grade
3) were he mos likely o become egg bound. However, his resul is likely an areac o
emales no laying he maure eggs hey sared he breeding season wih raher han an inial
grade 3 ollicular developmen being a direc cause o egg binding. Firs, a greaer proporon o
OSF a GVZ (in comparison o VA) sared heir breeding season wih grade 3 ollicular
developmen and nearly all hese emales laid heir eggs wihou inciden beore heir nex
ulrasound. Second, he wo OSF a VA wih an inial grade o 3 who did no become EB (1 ER
and 1 LA) boh laid > 50% o heir eggs over he course o he breeding season. While hese
emales sared wih maure eggs, any o he eggs remaining afer oviposion were reabsorbed
or reained wihou inciden. Ovulaed eggs are generally reained in he anuran ovisac or only
a day or wo beore being expelled during amplexus (Rugh, 1951). Cell deah occurs in
oviposied anuran eggs ha are no erlized wihin a ew days (Tokmakov e al., 2011) and his
same cell deah is hough o be he mehod o reabsorpon used or reained eggs (Iguchi e
al., 2013). Mos reabsorpon o eggs has been noed in he genial rac (ex. uerus and
oviduc), alhough degradaon o a ew eggs ree-oang in he body caviy has also been
noed (Iguchi e al., 2013). Pos-morem repors and phoos o EB OSF (see Fig. 2.3B) ofen
revealed hal he OSF’s reained eggs orming a viscous mass in he ovisac while he oher hal
remain ree-oang in he body caviy. The high number o eggs lling he body caviy o EB
rogs could be responsible or subsequen lehargy and dysuncon (Hedley, 2016) and may
inerere wih he ypical reabsorpon process. OSF wih delayed ollicular developmen, never
surpassing grade 2, were less likely o become egg bound, suggesng ollicles a his sage were
easier o reabsorb. Unorunaely, we were unable o disnguish he locaon o ollicles and
eggs (ex. un-ovulaed, ovisac, body caviy) via ulrasound bu his should be invesgaed urher
as he duraon eggs are reained, and he number and locaon o heir reenon may reveal
much abou he reabsorpon capaciy o OSF. Furhermore, i he number o reained eggs is
crical o reabsorpon capaciy, his could explain why smaller 3 year-old OSF, who likely
produced a greaer number o smaller eggs han larger 3 year-olds, became egg bound.

So, wha prevened OSF a VA in 2022 rom laying heir maure eggs? A requen cause or
delayed oviposion in reples is unsuiable environmenal condions (Kummrow e al., 2010;
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Pimm e al., 2015). In mos anurans, he only orm o parenal care is he selecon o
oviposion sies, he suiabiliy o which can direcly impac larval survival and hus
reproducve success (Researis and Wilbur, 1989). OSF breeding is explosive, wih emales
laying egg masses in communal piles (Phillipsen e al., 2010), ofen in he same locaon year
afer year. The more a zoo environmen diers rom is wild conex, he more reproducve
perormance is likely o decline (Schule-Hosedde and Masromonaco, 2015) as imporan
smuli and behaviours are alered (O’Regan and Kichener, 2005; Asa e al., 2011). The changes
made o he holding condions a VA in 2022 (ex. removal o vegeaon) or he concurren
overwinering sudy may have creaed unsuiable condions or oviposion, causing emale OSF
o reain heir eggs raher han lay hem. Ineresngly, he ew OSF who did lay eggs, wheher
hey were in amplexus or no, produced no viable eggs, suggesng maes may have been
inadequae as well. Sexual selecon, mae choice, and mang cues are ofen removed, alered,
or obscured in ex siu environmens, which can also lead o reproducve ailure (Asa e al.,
2011; Schule-Hosedde and Masromonaco, 2015). While his sudy did no nd any amplexus
behaviours o be predicve o egg binding, he mos common amplexus lased less han 8
minues (ouch phase). This shor duraon conrass wih observaons o seemingly successul
amplexus (leading o viable oviposion) o OSF in boh he wild and oher zoos where a pair
remains in amplexus unl eggs are deposied and erlized, which migh ake a ew hours o
many days, depending on he emale’s sage o ollicular developmen (Calaayud e al., 2018).
While none o he amplexus behaviours recorded and analysed here were a primary cause o
egg binding, hey hemselves may have been impaced by he alered environmenal condions
or migh have aced synergiscally wih hem, as egg reenon is likely mulaceed (Sacy e
al., 2008). Calaayud e al. (2018) ound egg reenon was mos common or anurans who
experienced inconsisen or negligen amplexus so connued research on mang behaviours is
warraned. Husbandry sa a zoos should connue o monior OSF amplexus behaviours where
hey can do so unobrusively, and a sandard o naural breeding behaviour should be
deermined rom wild populaons or comparison.

Implicaons for Conservaon
While he incidence o egg binding in curren OSF conservaon breeding populaons likely does
no pose an imminen hrea o heir viabiliy, his should no lessen he conservaon concern.
Genec managemen is ofen priorized in conservaon breeding and reinroducon programs,
bu reproducve success and individual wellbeing mus also be considered (Asa e al., 2011) les
he genec maerial being managed be los as a resul o reproducve dysuncon. More
research should be conduced ino he opmal environmenal condions or OSF, including
ways o maximize naural mae selecon and minimize he mismach beween zoo and wild
condions, hereby liming uninended changes brough abou by ex siu managemen
(O’Regan and Kichener, 2005; Schule-Hosedde and Masromonaco, 2015). Amphibians in
heir rs breeding season should be careully moniored and perhaps given more me o reach
ull sexual mauriy (and he ensuing increased body size) beore being placed in he acve
breeding program. The body condion o older rogs should also be moniored and body mass
sabilized or decreased afer age 5 o avoid lae-onse egg binding. Where possible, ulrasound
imaging should connue o be used o rack ollicular developmen and emales reaining
maure eggs should be careully moniored o ensure all or mos are laid. Finally, an underlying
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emphasis hroughou his sudy is he need or sandardized daa collecon. Tracking and
comparing breeding sraegies in zoos is only possible when daa are colleced regularly,
according o consisen sandards across all zoos. Collaboraon and communicaon are
necessary or all eecve recovery programs bu parcularly where mulple ex siu and in siu
parners are involved. Thus, he connuaon o such collaboraon in ongoing conservaon
breeding and reinroducon programs will surely prove crical o he persisence o OSF in
Canada.
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Tables, Figures, and Appendices

Tables
Table 2.1. Oregon Spoted Frog ollicular grades over he 2022 breeding period (n=35). Reproducve oucomes were: egg bound
(EB), egg reenon (ER), laid eggs (LA), or no maure ollicles developed (NF).

Figures
Figure 2.1. Average snou-ven lengh (SVL; measured venrally) by snou-urosyle lengh (SUL; measured dorsally) o 24 emale
Oregon Spoted Frogs rom Vancouver Aquarium. Each poin indicaes he average o hree measuremens aken in sequence in
Ocober 2022.

Figure 2.2. Follicular developmen grading scheme or he Oregon Spoted Frog wih our sages o developmen displayed A)
hrough D). Coloured arrows are explained in each image legend.

Figure 2.3. Necropsy o an egg bound Oregon Spoted Frog. The ulrasound image (A) was aken immediaely prior o deah and
he necropsy (B-C) perormed once deah was conrmed. Reained eggs were ound loose in he body caviy on he righ side (D),
and in he lef ovisac (E). Eggs are labelled in (C) as being removed rom he righ side (R) or lef side (L).

Figure 2.4. Grades o ollicular developmen rom ulrasonography on OSF a Vancouver Aquarium (VA) and Greaer Vancouver
Zoo (GVZ). A) The rs ulrasound images were aken on March 2 a GVZ and March 7 a VA. B) The second round o ulrasound
images was aken on March 29 a GVZ and March 25 a VA. By he second ulrasound, mos GVZ rogs had already laid heir
eggs so a hird ulrasound was no aken, bu no viable eggs had been laid a VA. C) The hird round o ulrasound images was
aken only a VA, on April 13. Follicular grade 4 was assigned pos-hoc o EB OSF once deceased.

Figure 2.5. Disribuon o egg binding cases across overwinering reamen groups or Oregon Spoted Frogs a he Vancouver
Aquarium. Treamen groups had varying levels o exposure beween male and emale OSF. Frogs were separaed in Conrol, had
circulang waer beween separae anks in Hormone and shared a clear wall in separae anks in Visual. The H+V had boh
Hormone and Visual exposure, and in Physical +HV he sexes were ogeher or he whole overwinering period. The Solo
reamen had one emale per ank. Oucome reers o he reproducve oucome o each OSF a he end o he breeding season
(EB, ER, LA, NF).

Figure 2.6. Scaled mass index based on mass and snou-ven lengh or emale Oregon Spoted Frogs in 2020-2021. Pre-
brumaon esmaes were measured in he all (Oc-Dec) while pos-brumaon esmaes were measured in he spring (Feb-
May). Zoo sample sizes (GVZ, TZ, VA) do no represen he whole emale populaon bu hose available and measured in each
season respecvely. The wild caegory conains all wild emale OSF capured hrough regular populaon monioring in 2021,
including individuals romMaria Slough, Morris Valley, and Chaplin.

Figure 2.7. Scaled mass index or emale OSF he zoo populaons A) VA and B) GVZ, measured in 2020-2021. Pre-brumaon (all)
includes measuremens rom 2020 and 2021 while pos-brumaon (spring) includes measuremens rom 2021 only. Individual
OSF who became egg bound any me rom 2020-2022 were couned as egg bound (EB) or all SMI esmaes, while all ohers
were considered non-EB.

Figure 2.8. Mass changes in emale OSF as hey age a A) Vancouver Aquarium and B) Torono Zoo. Individual rogs were
idened as egg bound (darker circles) or non-egg bound (ligher riangles) by zoo necropsy repors. A quadrac regression is 
o he individual daa poins and he shaded area represens each line’s respecve 95% condence inerval. Group sizes varied
wih A) 12 EB and 74 non-EB OSF rom TZ, and B) 167 EB and 303 non-EB rom VA. Frog weighs were colleced pre-brumaon
(Oc-Dec) rom 2010-2021.

Figure 2.9. Follicular grades by reproducve oucome or emale Oregon Spoted Frogs a Vancouver Aquarium. Panels B)
hrough D) show he disribuon o reproducve oucomes by ollicular grade, deermined by ulrasound, on days 00 (B; he day
prior o being pu wih males in breeding groups), 18 (C), and 54 (D; he end o he breeding season). Grades range rom 0 (no
ollicular developmen) o 3 (maure eggs), wih grade 4 assigned pos-hoc o EB individuals afer heir deah. The NA in D)
indicaes an OSF who died due o causes unrelaed o egg reenon. The black circles in A) indicae he mean ollicular grade.
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Figure 2.10. Pos-brumaon mass o emale OSF held a Vancouver Aquarium (n=35). Frogs were weighed in March 2022,
immediaely prior o heir breeding season. Age, rom he me o weighing, is grouped by 3 years-old (ypically rs-me
breeders) and 4+ years-old o aid analysis.

Figure 2.11. Disribuon o amplexus conac evens by ollicular grade. Even duraons are ouch < 0.14 hrs, 0.14 < atemp > 4
hrs, exended > 4 hrs. Sample sizes dier beween ollicular grade: grade 0 (n=5), 1 (n=11), 2 (n=12), 3 (n=7). Coun scales (y-axis)
dier, wih he majoriy o conac evens being ouch.

Figure 2.12. The percenage o conac evens according o OSF reproducve oucomes. Each coun represens conacmade on
a emale OSF by a male. The duraon o his conac is classied as eiher ouch (< 0.14 hrs), atemp (0.14 < x > 4 hrs) or
exended (> 4 hrs). The same male may conac a emale more han once in a row; each is couned as unique conac. Sample
sizes diered beween reproducve oucomes: EB (n=8), ER (n=12), LA (n=3), NF (n=5).
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Appendix II.I: summary of available morphomerics

Table A2.1. OSF morphomerics

pre-brumaon pos-brumaon

populaon esablished
documened
egg binding mass SVL mass SVL

VA 2010 2011-2022 2012-2022 2010-2022* 2021-2022 2021

GVZ 2017 2018-2022 2021 2020-2021 2021-2022 2020-2021

TZ 2010 2010-2022 2010-2022 2010-2022 2021

Wild 2010-2022 2010-2022
*lengh measuremens a VA were aken as snou-urosyle lengh (SUL) bu laer convered ino SVL
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Appendix II.II: supplemenary gures

Figure A2.1. Scaled mass index or he hree wild populaons (CH, MS, MV) o OSF measured in he spring o 2021.
Measuremens were colleced during he breeding season (Mar-Apr) and only gravid emales were included. A pos-hoc Dunn
es indicaed no signican dierences in mean SMI beween hese populaons.

Figure A2.2. The oal me in amplexus over he rs 59 hours o he OSF breeding season a VA in 2022 according o inial
ollicular grade. Time in amplexus indicaes he cumulave me a emale was being amplexed by a male. Follicular grades vary
rom no-gravid (0) o lae-gravid (3). These grades were assigned o ulrasound images aken he day beore emales were
exposed o males (day 00). A es o signicance (Kruskal-Wallis) is indicaed a he op o he gure, wih he signican p = 0.03
(rom pos-hoc Dunn es) indicaed beween grades 0 and 2.
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Appendix II.III: nal GLMs and GLMM oupus

Table A2.2. GLMM - full model
EB ~ scaled mass * scaled age + populaon + scaled mass : populaon + (1 | ID)

Fixed Eecs Esmae Sd. Error Z p

Inercep (Conrol) -13.25230 3.35851 -3.946 7.95e-05 ***

scaled mass 1.12042 3.79887 0.295 0.768

scaled age -0.49365 1.37997 -0.358 0.721

populaon (VA) 0.55773 3.52984 0.158 0.874

ineracon: scaled
mass - scaled age

0.01388 0.85754 0.016 0.987

ineracon: scaled
mass - pop VA

-0.97752 3.94274 -0.248 0.804

Random Eecs Variance Sd. Dev. N

frog ID (inercep) 3138 56.42 556

AIC BIC logLik deviance df.resid

194.4 224.6 -90.2 180.4 549

Table A2.3. GLMM - Vancouver Aquarium subse
EB ~ scaled mass * scaled age (1 | ID)

Fixed Eecs Esmae Sd. Error Z p

Inercep (Conrol) -12.66787 1.49992 -8.446 <2e-16 ***

scaled mass -0.00855 1.19133 -0.007 0.994

scaled age -0.19879 1.44686 -0.137 0.891

ineracon: scaled
mass - scaled age

0.04804 0.86608 0.055 0.956

Random Eecs Variance Sd. Dev. N

frog ID (inercep) 3251 57.02 470

AIC BIC logLik deviance df.resid

31.6 43.8 -10.8 21.6 81

Table A2.4. GLMM - Torono Zoo subse
EB ~ scaled mass * scaled age (1 | ID)

Fixed Eecs Esmae Sd. Error Z p

Inercep (Conrol) -13.068145 5.116111 -2.554 0.0106 *

scaled mass 3.331353 6.942322 0.480 0.6313
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scaled age -2.572018 5.573885 -0.461 0.6445

ineracon: scaled
mass - scaled age

0.005718 3.024546 0.002 0.9985

Random Eecs Variance Sd. Dev. N

frog ID (inercep) 2266 47.6 86

AIC BIC logLik deviance df.resid

168.5 189.2 -79.2 158.5 465

Table A2.5. GLM - Vancouver Aquarium 2022 life hisory variables
EB ~ ollicular grade (day 00), amily = binomial(link = “logi”)

(Inercep) -3.8934 1.3718 -2.838 0.00454

follicular grade (day
00)

1.4016 0.6015 2.330 0.01979

Null deviance 37.628 on 34 degrees o reedom

Residual deviance 29.993 on 33 degrees o reedom

AIC 33.993

Table A2.6. GLM - Vancouver Aquarium 2022 amplexus variables (NULL model)
EB ~ 1, amily = binomial(link = “logi”)

(Inercep) -1.1896 0.4317 -2.756 0.00585 **

Null deviance 32.596 on 29 degrees o reedom

Residual deviance 32.596 on 29 degrees o reedom

AIC 34.596
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General Conclusions
Species a risk ofen require human inervenon o migae he excessive hreas hey ace due
o human disurbance. When he migaon o in siu hreas is insucien or species recovery,
ex siu programs can be inegraed wih ongoing conservaon eors o provide assurance
agains immediae exncon and ospring or uure reinroducon eors (Johnson e al.,
2020). Amphibians ace a parcularly serious exncon crisis (Suar e al., 2004) and an
increasing number o amphibian species are being brough ino capviy in aemps o
esablish conservaon breeding and reinroducon programs (Dawson e al., 2016). There
remains signican room or improvemen, however, as he suiabiliy omany o hese
amphibians or ex siu conservaon has recenly been called ino queson due o low success
raes and a lack o assessmen prior o program esablishmen (Grihs and Pavajeau, 2008;
Tapley e al., 2015; Bradeld e al., 2022).

The imporance omainaining demographically robus ex siu populaons wih adequae
represenaon o wild populaon genecs o avoid loss o genec diversiy and inbreeding
depression is well known (Soulé e al., 1986; Frankham, 1995; Lees and Wilcken, 2009). The
genec managemen required o aain genec susainabiliy, however, somemes precipiaes
a decline in reproducve perormance when naural mae selecon is sacriced or opmal
genec pairings (Asa e al., 2011). Furhermore, unreliable, or insucien breeding wihou
addional ounders can impac genec susainabiliy (Coloma and Almeida-Reinoso, 2012), and
wih only 55% o amphibian conservaon breeding programs producing viable ospring (Smih
and Suherland, 2014), he ecacy o hese programs is quesonable. Knowledge gaps can
urher compromise boh reproducve and genec success o conservaon breeding programs
and ideally should be addressed prior o program esablishmen (Bradeld e al., 2022).

The Oregon Spoed Frog is a species a risk in Canada or which ex siu eors have been
deemed necessary o preven local exncon. Despie dierences in he esablished
conservaon breeding and reinroducon programs, all ex siu locaons displayed poor
reproducve perormance and a high incidence o egg binding. While wo o he hree zoos (VA,
TZ) closely managed he genecs o heir OSF populaons, hey did so wihou prior assessmen
o he genec diversiy o eiher wild or zoo OSF populaons. The hird zoo (GVZ) allowed or
more naural mae selecon bu sll experienced reproducve dysuncon (i.e. egg binding)
and he lack o inormaon around his issue has proved derimenal o he reproducve
susainabiliy o all hree programs. My resuls showed here were no signican dierences in
he genec diversiy o he hree zoos, bu raher ha all hree had sable genec diversiy and
inbreeding levels relave o he wild populaons. Thus, careul genec managemen (a VA and
TZ) has no signicanly improved populaon genec healh compared o he more communal,
hands-o approach o GVZ, and he benes o pre-seleced breeding groups should be
careully assessed and reconsidered. Populaon srucure resuls also indicaed low o
moderae dierenaon among he wild OSF populaons, suggesng ha he risk o
oubreeding depression rom mixing lineages is lower han expeced or small, isolaed
populaons (Hichings and Beebee, 1997; Lesbarrères e al., 2006). However, he possibiliy o
oubreeding and inbreeding depression should sll be invesgaed by monioring ospring
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survivorship beore nal conclusions are made or programs are changed irreversibly. I would be
imporan o closely monior inbreeding levels as values were high in boh zoo and wild
populaons and here is evidence o increased inbreeding and muaon loads in unmanaged
animal populaons relave o genecally managed ones (Humble e al., 2023).

Wih regards o egg binding, he causes behind his reproducve dysuncon remain mul-
aceed and elusive. Zoological insuons have he unique abiliy o monior and sudy his
reproducve disorder ex siu and should share his opporuniy by reporng on reproducve
challenges in plaorms accessible ouside he zoo communiy. For conservaon breeding and
reinroducon programs, such as hose underway or he endangered OSF, every individual
plays an imporan role in demographic sabiliy and genec susainabiliy such ha all
moralies have ar-reaching repercussions (Asa e al., 2011). While no primary cause or egg
binding in OSF has been ully elucidaed, many poenal avenues were explored. The lower
body condion o GVZ rogs relave o oher zoo and wild conspecics could be a resul o he
larger ank sizes and more communal breeding approach. While such condions have no
eliminaed egg binding, he benes o allowing naural mae selecon (Asa e al., 2011) should
be srongly considered in ligh o he similar genec oucomes across zoos. The imporance o
adequae environmenal condions and smuli o reduce egg binding should also be
invesgaed in hese populaons and more research conduced on he ineracon omass and
age. Where possible, ulrasound should be used o monior he ollicular developmen o
emale OSF, and oviposion induced in rs-me breeders i eggs are reained beyond he
breeding season.

Underlying all hese resuls, his sudy highlighs he imporance o collaboraon no only
beween in siu and ex siu parners (Byers e al., 2013), bu also among he various zoos
involved in ex siu programs. While here are ineviable limiaons due o dierences in
acilies, resources, and locaons, eor should be given o ensuring a cohesive approach
across acilies no maer when populaons are esablished. For insance, discrepancies in daa
collecon and measuremen echniques across ex siu populaons o OSF grealy impeded he
analysis and clariy o resuls surrounding body condion in his sudy. In ac, some o hese
dierences were no discovered unl analysis was aemped and migh have gone unnoced
or anoher decade. Communicaon and eedback should be increased o avoid such oversigh
in he uure. A greaer balance beween genec and reproducve healh should also be sough
or conservaon breeding and reinroducon programs as he priorizaon o one can lead o
he decline or exclusion o he oher (Asa e al., 2011). Wih he prediced genec diversiy
declines in wild OSF populaons, he imporance o connued ex siu eors is clear, bu he
causes o egg binding should connue o be invesgaed les hese moralies hreaen he
long-erm susainabiliy o hese zoo populaons. Overall, his sudy conribues o improving
he cohesiveness o recovery acons or OSF in Canada, providing crical assessmens o boh
he genec and reproducve healh among ongoing OSF conservaon breeding populaons.
These resuls will inorm no only he sraegies and proocols o he zoos involved, bu also
provide recommendaons applicable o he global amphibian conservaon breeding eor.
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