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ABSTRACT

Populations of Ozark hellbenders (Cryptobranchus alleganiensis bishopi, Grobman 1943) in Missouri and Arkansas are federally
listed as endangered. The Saint Louis Zoo WildCare Institute's Ron and Karen Goellner Center for Hellbender Conservation, in
collaboration with the Missouri Department of Conservation and US Fish and Wildlife Service, has developed a sustainable
conservation breeding and head-starting program, a priority for species recovery. Using 9 years of program data, we examined
various egg production, egg development, and mortality responses of Zoo-bred Ozark hellbenders. Our results identified river of
origin and breeding location as important predictors of egg production responses including average breeding female total
lengths as well as brooding male clutch size, total egg count, and the estimated number of female clutches, respectively. We
found that breeding group generation was a significant predictor of Zoo-bred hellbender egg development responses with
hellbenders from the first breeding group generation ovipositing later and producing eggs that hatch later and develop longer
than hellbenders from the second-generation breeding group. These responses are consistent with females from the first
breeding group generation being larger at the time of reproduction. Breeding group generation was also a significant predictor
of proportional egg and total mortality, while the proportion of hatchling mortality was best predicted by breeding location, and
the proportion of larval mortality was best predicted by river of origin. Ultimately, our results provide baseline metrics for the
program and identify areas for further inquiry to maximize the success of future conservation breeding and head-starting efforts
at the Zoo.

1 | Introduction Primary threats likely include habitat disturbance, degrada-

tion, and loss, illegal collection, disease, reduced water quality,

Ozark hellbender (Cryptobranchus alleganiensis bishopi,
Grobman 1943) populations have been threatened for decades
and are declining throughout much of their historic range
(Briggler et al. 2010; US Fish and Wildlife Service 2011, 2020).

and predation by native and nonnative fish (Briggler
et al. 2010; US Fish and Wildlife Service 2011, 2020). These
drastic population declines have led to comprehensive con-
servation efforts by state and federal agencies as well as several
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Summary

We contributed to the continued success of the Saint Louis
Zoo Ozark hellbender conservation breeding program by
identifying biotic and abiotic characteristics related to egg
production, egg development, and mortality of hellbenders
at the Zoo.

partner organizations to halt and reverse current population
trajectories.

Conservation breeding and head-starting have been identified
as a primary mechanism for augmenting wild Ozark hellbender
populations in Missouri (Briggler et al. 2010, 2012; US Fish and
Wildlife Service 2021). Conservation breeding and head-starting
programs have proven to be successful conservation tools for
endangered amphibians (Browne et al. 2011; Harding, Griffiths,
and Pavajeau 2016; Gratwicke and Murphy 2017; Silla and
Byrne 2019). Most amphibians are highly fecund and can often
be maintained under human care with relatively minimal space
requirements and resources, unlike large or migratory mam-
mals or birds (Browne et al. 2011; Harding, Griffiths, and
Pavajeau 2016; Thomas et al. 2018). These initiatives also allow
for controlled breeding, which, with appropriate protocols, can
maximize genetic diversity for endangered species that are
vulnerable to a loss of genetic diversity or inbreeding depression
(Ralls, Ballou, and Templeton 1988; Crnokrak and Roff 1999;
Browne et al. 2011; Gratwicke and Murphy 2017). Additionally,
these conservation efforts provide a unique opportunity to learn
more about the biology, physiology, life history, and behavior of
species that could be data deficient, difficult to observe in the
wild, or extinct in the wild (Browne et al. 2011; Harding,
Griffiths, and Pavajeau 2016). Lastly, head-starting initiatives
can increase the success of individuals used for population
augmentation by releasing them back into the wild at a size that
is less vulnerable to potential causes of mortality (i.e., predation,
infection, unfavorable environmental conditions, and stochastic
events) or after reaching sexual maturity such that they can
immediately contribute to recruitment in the wild population
(Anderson, Hassinger, and Dalrymple 1971; Griffiths and
Pavajeau 2008; Browne et al. 2011; Harding, Griffiths, and
Pavajeau 2016; Thomas et al. 2018).

Due to the rapid decline of Ozark hellbenders in Missouri, a
captive propagation and head-starting program was initiated by
the Saint Louis Zoo (Zoo) and Missouri Department of Con-
servation (MDC) in 2002 (Ettling and Briggler 2013). This initial
partnership later developed into a much broader partnership
among other state (Arkansas Game and Fish Commission) and
federal (US Fish and Wildlife Service, US Forest Service, and
National Park Service) agencies to develop an extensive head-
starting and conservation breeding program, complete with
artificial streams, nest boxes, and integrated water quality and
life support systems (Briggler et al. 2012; Ettling et al. 2013).
The first Ozark hellbender larvae came to the Zoo in 2003, and
the first 29 of these Zoo-reared animals were released back
into the wild starting in 2008 (Bodinof et al. 2012a, 2012b). In
2011, the Zoo became the first to successfully breed Ozark
hellbenders (Ettling et al. 2013). Later that month, the Ozark
hellbender subspecies was federally listed as endangered (US

Fish and Wildlife Service 2011). In 2018, Ozark hellbenders that
were originally bred at the Zoo successfully reproduced for the
first time, creating a reproductively successful second-
generation breeding group. The Zoo's augmentation efforts
continue to this day. By the end of 2020, 17 years into the
program, the MDC had released 7975 Ozark hellbenders that
were reared at the Zoo into four native Missouri rivers. The
longevity and success of the propagation program at the Zoo
provide a unique opportunity to learn more about the repro-
duction, development, and mortality of Zoo-reared Ozark hell-
benders, to examine the success of Zoo conservation breeding
and head-starting efforts for Ozark hellbenders, and to learn
more about the biology of the subspecies.

Our objective was to evaluate the conservation breeding efforts
of Ozark hellbenders at the Zoo. We accomplished this by
investigating several factors that contribute to reproductive
success, including egg production, egg development, and mor-
tality. We hypothesized that biological factors related to the
hellbender populations, the breeding individuals, and their
reproductive output as well as external factors such as the Zoo
habitat could influence the reproductive success factors we
identified. Our goal was to define baseline metrics of success for
the program, identify areas for improvement and/or further
inquiry, and inform future strategies for the hellbender con-
servation breeding program at the Zoo.

2 | Methods
2.1 | Study Species and Husbandry

Ozark hellbenders are a fully aquatic salamander native to
Missouri and Arkansas (U.S. Fish and Wildlife Service 2020).
They inhabit cool, well-oxygenated rivers and are usually
found underneath large rock cover or within bedrock crev-
ices (Briggler and Johnson 2021). In Missouri, the breeding
season typically occurs between late September and late
October (Peterson et al. 1983; Briggler and Johnson 2021).
Reproduction in hellbenders usually includes males ex-
cavating nests under rock cover or within bedrock, female(s)
ovipositing eggs within the nesting chambers, males fertil-
izing the eggs externally, and then males oxygenating the
eggs and protecting them from predation throughout their
development (Smith 1907; Nickerson and Mays 1973; Settle,
Briggler, and Mathis 2018). Most hellbender eggs develop
and hatch in approximately 45-75 days (Smith 1907; Green
and Pauley 1987; Petranka 1998), and hellbenders typically
reach sexual maturity at 5-8 years old (Bishop 1941; Dundee
and Dundee 1965).

The Ron and Karen Goellner Center for Hellbender Conserva-
tion (hereafter: Center) in the Charles H. Hoessle Herpetarium
at the Zoo houses and cares for Ozark hellbenders as a major
component of the comprehensive recovery effort for the sub-
species (Briggler et al. 2010, 2012). Given the Center's objective
of population augmentation, the care provided by the Zoo is not
intended to and cannot replicate a fully randomized experi-
mental design, though husbandry protocols seek to provide
consistent, standardized care. This is accomplished through the
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maintenance of three artificial streams designed to house adult
hellbenders. One stream is located inside and measures
9.7x1.7x 0.6 m deep, while two outdoor streams measure
11.3x 1.5x 1.4 m deep. These streams are designed to replicate
natural conditions as closely as possible with recirculating
flowing water, gravel bottoms, flat cover objects, artificial nest
boxes, and tightly maintained water quality parameters (Ettling
et al. 2013; Pedigo et al. 2021). The streams are also stocked
with live food items, including crayfish, darters, sculpin, and/or
minnows. See Pedigo et al. (2021) for more detailed hellbender
husbandry protocols from the Zoo.

Each artificial stream at the Zoo houses a breeding group of
Ozark hellbenders, which consists of two to four females and
two to four males from the same river of origin to maintain the
unique genetic lineages of the subspecies. Mitochondrial and
genomic studies have shown low levels of within-population
variation and distinct genetic signatures between Ozark hell-
bender populations with hellbenders from the Current River
(CR; Missouri) and Eleven Point River (EPR; Missouri and
Arkansas) being genetically distinct from other populations of
Ozark hellbenders such as those from the North Fork of the
White River (NFWR; Missouri) (Sabatino and Routman 2009;
Crowhurst et al. 2011; Tonione, Johnson, and Routman 2011;
Hime 2017). Thus, while being classified as the same sub-
species, the Zoo focused on maintaining these unique genetic
lineages when establishing the first-generation of Ozark hell-
bender breeding groups at the Zoo, which were composed of
wild adults from the NFWR, EPR, and CR (Briggler et al. 2012).

Following oviposition and fertilization, eggs produced at the
Zoo are collected from the nest boxes, hatched in incubation
trays, and reared in closely monitored aquaria tanks (Briggler
et al. 2012; Ettling et al. 2013; Pedigo et al. 2021). Without
genetic testing, it is impossible to know with certainty the
parentage of the eggs. However, within a reproductive year, the
brooding male was always known. We assumed that eggs
brooded by a male belonged to that male because wild Cryp-
tobranchid males are typically found territorially guarding nests
and tending to the developing eggs in the nest (Smith 1907;
Settle, Briggler, and Mathis 2018; Unger et al. 2020, 2021).
Moreover, other captive male Cryptobranchids that were
known to have fertilized a particular clutch have shown nest
fidelity and parental care behaviors to those clutches (Ettling
et al. 2013; Luo et al. 2018). As a result, unless specified, ref-
erences to clutch or clutch size refer to the eggs collected from
and brooded by unique males in a given reproductive year.

2.2 | Analysis
2.21 | Egg Production

To assess egg production of Zoo-bred Ozark hellbenders, we
examined the following response variables: the average total
length (i.e., a measurement from the tip of the hellbender snout
to the tip of the hellbender tail; hereafter: TL) of breeding group
females, the number of clutches brooded by males, the size of
clutches brooded by males, the total egg count for breeding
groups, and the estimated number of and clutch sizes for

clutches produced by females. We calculated the average TL of
all females within a breeding group in a given reproductive year
as a proxy for egg production capacity because it is unclear
which, or how many, females contributed egg clutches in a
given reproductive year. We quantified egg and clutch count
variables based on the total number of eggs (jelly coat and
ovum) oviposited by the breeding females that were ultimately
removed by Zoo staff during a given breeding season. We note
that for egg count responses, the number of eggs collected are
likely underestimates of the true number of oviposited eggs
because eggs are not removed from brooding males until a
minimum of 12-14 days after oviposition as per the Zoo's
husbandry protocols (Pedigo et al. 2021). During that time, it is
possible for the brooding male, as well as other breeding group
hellbenders, to cannibalize eggs, and for predation by fish and/
or crayfish to occur in the artificial streams. However, due to
standardized care and feeding, we assumed that the cannibal-
ism and predation pressures were not biased for specific clut-
ches or breeding groups. We quantified the number of eggs and
clutches produced in several ways to better understand the
contributions of males, females, and breeding groups as a
whole. We calculated the number of brooding male clutches as
the number of males brooding eggs from a given breeding group
in a given reproductive year. We also calculated the brooding
male clutch size as the number of eggs collected from each male
in a given reproductive year. This includes eggs from all female
contributors to that nest. We quantified the total egg production
of each breeding group in a given year with the response vari-
able, total egg count, which was a count of all collected eggs
from a given breeding group in a reproductive year. Lastly, we
quantified female contributions to egg production by estimating
how many females were contributing egg clutches and how
many eggs each female was contributing. In the wild, female
Ozark hellbenders from Missouri were found to oviposit
between 82 and 348 eggs (Briggler and Johnson 2021). There-
fore, we calculated the number of female clutches based on
the total egg count for a particular breeding group in a
reproductive year and a 350-egg maximum for an individual
female. For example, any breeding group that produced
greater than 350 eggs would be estimated as having two
female clutches. We estimated female clutch size by taking
the total egg count for a particular breeding group in a
reproductive year and dividing that by the estimated number
of female clutches. For example, if a breeding group produced
600 eggs, that would equal two female clutches with an esti-
mated average of 300 eggs per clutch.

2.22 | Egg Development

Egg development response variables included ovipositing date,
weighted hatch date, and egg development time. We calculated
ovipositing date as the average day that eggs brooded by unique
males were oviposited. Not all eggs hatch on the same day, and
the peak of hatching does not necessarily occur on the mean
hatch-date for a clutch. Thus, we calculated a weighted hatch
date, which weights the date by the number of eggs that hatch
each day, to arrive at an overall hatch-date for a given clutch.
We note that zookeepers may manually hatch the eggs of
struggling larvae to avoid death. We used the manual hatch date
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for these individuals in our weighted hatch date calculation and
assumed that this practice was not performed in a biased
manner. We calculated egg development time as the number
of days from oviposition to the weighted hatch date for each
clutch. In this context, egg development time is a proxy for the
developmental stage at hatching such that shorter development
times are indicative of a less advanced developmental stage at
the time of hatching (Duellman and Trueb 1986).

2.2.3 | Mortality

We quantified the proportional mortality of Zoo-bred Ozark
hellbenders at three life stages: egg, hatchling, and larva. We
used proportional mortality calculations to allow for compari-
son between clutches of different sizes. We calculated propor-
tional mortality during the egg stage as any known egg death or
egg removal weighted by the original clutch size. We quantified
egg mortality as any egg deaths and/or removals due to
infertility, infection, or congenital deformities that were
incompatible with life from the time that eggs were collected
from the nest boxes to the hatching date. We included infertile
eggs within this count to account for the reproductive cost to
the breeding adults as well as the reproductive failure associ-
ated with the investment. Furthermore, it is not possible to
determine whether the eggs were fertilized and did not develop
due to genetic incompatibilities or if they were truly infertile.
We calculated proportional hatchling mortalities as any death
post-hatching up to 2 months (60 days) of age weighted by the
original number of hatchlings. This life stage is particularly
vulnerable to mortality because hatchlings are relatively sed-
entary, entirely reliant on their yolk sacs for nutrition, and
continuing to experience morphological changes as they absorb
the yolk sac (Smith 1907, 1912). We calculated proportional
larval mortalities as any death occurring from 60 days old to
1 year post the weighted hatch date weighted by the original
larval count. Lastly, we added all mortalities across all life
stages weighted by the original clutch size for a proportional
total mortality response variable.

2.24 | Analysis

We used an information theoretic approach to assess what
influences egg production, egg development, and mortality of
Zoo-bred Ozark hellbenders (Burnham and Anderson 2002).
We used data obtained from Zoo conservation breeding activi-
ties from 2012 to 2020 and chose to use a model selection
process due to having a limited sample size for multivariate
regressions. Thus, we created an a priori candidate model set of
univariate models that aimed to clarify the importance of our
predictive variables. We expected that river of origin, breeding
group generation, breeding location, average female TLs, clutch
size, and/or reproductive year could be important predictors of
our response variables. We hypothesized that biological differ-
ences between hellbender river populations might contribute to
differences in egg production, egg development, and mortality
responses. We hypothesized that breeding group generation
would influence our responses because the second-generation
breeding group at the Zoo was young, and the data we have

represent the first reproductive events for these individuals,
which we suspected could reduce egg production and devel-
opment time while increasing mortality due to reduced
resources to devote to reproduction (Duellman and Trueb
1986). We hypothesized that breeding location (i.e., indoor or
outdoor artificial stream) could influence our responses due to
differences in environmental conditions between the indoor
and two outdoor artificial streams at the Zoo. We hypothesized
that the average TL of breeding females could influence our
responses because larger females have a greater capacity to
produce eggs and provide resources to eggs (Salthe 1969;
Topping and Ingersol 1981; Duellman and Trueb 1986;
Browne et al. 2014). We hypothesized that clutch size could
influence egg development and mortality responses due to
differences in egg resource allocation as a result of tradeoffs
between the number of eggs and the quality of yolk reserves
(Duellman and Trueb 1986). Lastly, we hypothesized that re-
productive year could influence our responses due to
unintended differences in care, health, or environmental
conditions between reproductive years. We ranked models
using the Akaike Information Criterion corrected for finite
sample sizes (AICc) (Akaike 1973, 1974; Hurvich and
Tsai 1989). We identified top-ranking models as having the
lowest AICc score and being at least two AAICc smaller than
the next top model (Burnham and Anderson 2002). Next, we
assessed model assumptions for all top-ranking models using
Shapiro-Wilk normality tests as well as Bartlett and Levene's
tests for homogeneity of variance. For models that met as-
sumptions, we performed type II ANOVA tests and Tukey post
hoc tests to compare differences within predictor variables.
For models that did not meet assumptions, we performed
Kruskal-Wallis rank sum tests and pairwise comparisons using
Wilcoxon rank sum tests with a Bonferroni adjustment for post
hoc testing. Data were analyzed using program R (version
3.6.3) through the RStudio (version 1.2.5033) interface.

3 | Results

All data for the study were collected from 20 unique Zoo-bred
clutches that were laid between 2012 and 2020 (Table 1). Of the
response variables where the clutch was the sample unit,
including egg development responses, all proportional mortality
responses, and brooding male clutch size, nine clutches were
produced by EPR breeding groups, three were produced by CR
breeding groups, and eight were produced by NFWR breeding
groups. Of the 20 clutches, 15 were produced by first-generation
breeding groups and the remaining five were produced by
second-generation breeding groups. Sixteen clutches were laid
in the two outdoor artificial streams, and four clutches were laid
in the indoor artificial stream at the Zoo.

The remaining egg production responses, including average
female TL, number of brooding male clutches, total egg count,
estimated number of female clutches, and estimated female
clutch size, used breeding group reproduction events as the
sample unit rather than clutch. Reproduction events occurred
when unique breeding groups reproduced in a given year. Thus,
these data represent seven unique EPR reproduction events,
one unique CR reproduction event, and six unique NFWR
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reproduction events. First-generation breeding group hellben-
ders were responsible for 10 reproduction events, while second-
generation breeding group hellbenders were responsible for the
remaining four reproduction events. Twelve breeding events
occurred in the two outdoor artificial streams, and two breeding
events occurred in the indoor artificial stream.

3.1 | Egg Production

The average of average female TLs in each breeding group
during a reproductive year was 45.8cm with a range from
40.8 cm to 51 cm. The top-ranking model for the average TL of
each breeding group's females included the river of origin
(Table 2). River of origin was significantly related to average
female TLs (2 =9.91, p =0.007). Female breeding group hell-
benders from the NFWR had longer average TLs than female
breeding group hellbenders from the EPR, and individuals from
the CR had intermediate average TLs (Figure 1).

The average number of brooding male clutches in a given
reproductive year for a specific river of origin breeding group
was 1.4 clutches, with a range from one to three clutches. The
top-ranking model for the number of brooding male clutches
per breeding group per year included river of origin (Table 2).
River of origin was not a significant predictor of the response
variable (y2 = 3.66, p =0.160).

Average brooding male clutch size during a reproductive year
was 418 eggs, with a range from 40 to 1195 eggs. The top-
ranking model for brooding male clutch sizes included breeding
location (Table 2). Breeding location was a significant predictor
of brooding male clutch sizes (F;5=10.79, p=0.004), with
male hellbenders from the indoor artificial stream brooding
larger clutches than male hellbenders from the outdoor artifi-
cial streams (Figure 1).

The average total egg count for entire breeding groups in a
reproductive year was 597 eggs, with a range from 84 to 1609
eggs. The top-ranking model for total egg count for entire
breeding groups in a reproductive year included breeding
location (Table 2). Breeding location was a significant predictor
of the response variable (F;,,=25.15 p<0.001), with the
hellbender breeding groups from the indoor artificial stream
producing a higher total egg count per year relative to the
hellbender breeding groups from the outdoor artificial streams
(Figure 1).

We identified eight breeding group reproduction events with
more than one presumed female contributor with three breed-
ing groups producing more than 1000 eggs in a single
reproductive year. The average estimated number of female
clutches in a reproductive year was 2.1 clutches with a range
from 1 to 5 clutches. The top-ranking model for the estimated
number of female-laid clutches included breeding location
(Table 2). Breeding location was a significant predictor of the
response variable (y2=4.90, p=0.027), with the expected
number of female-laid clutches being higher in the indoor
artificial stream relative to the outdoor artificial streams
(Figure 1).

The average estimated female clutch size was 259 eggs with
a range from 84 to 348 eggs. The top-ranking model for the
estimated clutch size for female-laid clutches included
breeding location (Table 2). However, the intercept-only
model was within two AAICc (Table 2), which indicates that
our predictive variables did not explain this response vari-
able better than a null model. Breeding location was not a
significant predictor of estimated female clutch size
(Fy1,=2.98, p=0.110).

3.2 | Egg Development

Breeding females at the Zoo, on average, oviposited eggs on
September 23. The earliest ovipositing date was 9 September,
and the latest ovipositing date was October 7. The top-ranking
model for ovipositing date included breeding group generation
(Table 2). Ovipositing date was significantly related to breeding
group generation (F;;6=13.36, p=0.002), with hellbenders
from the first-generation breeding group having later oviposit-
ing dates than those from the second-generation breeding group
(Figure 2).

Hellbenders bred at the Zoo, on average, had a weighted
hatch date of 16 November. The earliest weighted hatch date
was 19 October and the latest was 8 December. On average,
one standard deviation around the weighted hatch date was
4 days. The minimum was 1.7 days, and the maximum was
8.6 days. The top-ranking model for weighted hatch date
included breeding group generation (Table 2). Weighted
hatch date was significantly related to breeding group gen-
eration (F; 16 =14.13, p=0.002), with hellbenders from the
first-generation breeding group having later weighted hatch
dates than those from the second-generation breeding group
(Figure 2).

From the ovipositing date to the weighted hatch date, eggs at
the Zoo develop in 51 days, on average. The shortest develop-
ment time was 29 days and the longest was 64 days. The top-
ranking model for the number of egg development days
included breeding group generation (Table 2). The number of
egg development days was significantly related to breeding
group generation (F;;6=28.21, p=0.011), with hellbenders
from the first-generation breeding group having a longer egg
development than those from the second-generation breeding
group (Figure 2).

3.3 | Mortality

The average egg mortality of Ozark hellbenders bred at
the Zoo was 40% of the original clutch size, with a minimum
of 4% and a maximum of 100%. The top-ranking model
for the proportion of egg mortality included breeding
group generation (Table 2), which was a significant
predictor of the response variable (y2=5.98, p=0.014).
Hellbenders from the second-generation breeding group
had significantly higher proportional egg mortalities relative
to hellbenders from the first-generation breeding group
(Figure 3).
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TABLE 2 | Candidate egg production (average female total length, number of brooding male clutches, brooding male clutch size, total egg count,
estimated number of female clutches, and estimated female clutch size), egg development (date of oviposition, weighted hatch date, and number of
egg development days), and mortality (proportional egg mortality, proportional hatchling mortality, proportional larval mortality, proportional total
mortality) model sets. For each model, the table reports the number of parameters (k), AIC value corrected for small samples size (AICc), as well as
the calculated change in AICc (AAICc), and model weight (w).

Average
River of Gener- Breeding female total Clutch  Reproductive
Intercept origin ation location length size year
k 1 3 2 2 2 2 8
Egg production
Average female total
length
AlCc 82.62 62.58 81.65 81.02 — — 115.22
AAICc 20.04 0.00 19.07 18.44 — — 52.64
w 0.00 1.00 0.00 0.00 — — 0.00
Number of male
brooded clutches
AICc 30.80 2741 33.09 31.44 32.33 — 43.91
AAICc 3.39 0.00 5.68 4.03 4.92 — 16.50
w 0.13 0.68 0.04 0.09 0.06 — 0.00
Male brooded
clutch size
AlCc 285.17 284.20 286.80 278.26 282.58 — 301.76
AAICc 6.91 5.94 8.54 0.00 4.32 — 23.51
w 0.03 0.04 0.01 0.83 0.09 — 0.00
Total egg count —
AlCc 215.03 216.46 216.69 201.97 211.96 — 236.72
AAICc 13.06 14.49 14.73 0.00 9.99 — 34.76
w 0.00 0.00 0.00 0.99 0.01 — 0.00
Estimated number
of female clutches
AlCc 51.44 52.76 52.38 43.12 47.38 — 74.27
AAICc 8.32 9.64 9.64 0.00 4.25 — 31.15
w 0.01 0.01 0.01 0.86 0.10 — 0.00
Estimated female
clutch size
AlCc 162.80 168.76 165.54 162.45 165.48 — 191.37
0.96*
0.27
AAICc 0.35* 6.30 3.08 0.00 3.02 — 28.92
w 0.36 0.02 0.09 0.43 0.10 — 0.00
Egg development
Date of ovipositing
AICc 127.36 129.45 118.98 127.60 123.40 129.31 136.76
AAICc 8.38 10.47 00.01 0.00 8.61 4.42 10.33 17.78
w 0.01 0.00 0.87 0.01 0.10 0.00 0.00
(Continues)
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TABLE 2 | (Continued)

Average
River of Gener- Breeding female total Clutch  Reproductive
Intercept origin ation location length size year
k 1 3 2 2 2 2 8
Julian weighted
hatch date
AlICc 148.23 150.64 139.39 150.77 148.87 150.78 158.04
AAICc 8.84 11.25 0.00 11.38 9.49 11.39 18.65
w 0.01 0.00 0.97 0.00 0.01 0.00 0.00
Development days
AlICc 135.535. 138.80 130.63 137.39 137.72 137.91 150.38
AAICc 4.90 8.17 0.00 6.76 7.09 7.28 19.75
w 0.07 0.01 0.84 0.03 0.02 0.02 0.00
Mortality
Proportional egg
mortality
AlICc 15.85 18.04 10.32 16.09 16.97 16.93 24.93
AAICc 5.53 7.72 0.00 5.76 6.65 6.60 14.60
w 0.05 0.02 0.82 0.05 0.03 0.03 0.00
Proportional
hatchling mortality
AlCc —16.40 —14.99 —16.04 —21.49 —13.88 —15.47 —15.41
AAICc 5.08 6.50 5.44 0.00 7.61 6.01 6.08
w 0.06 0.03 0.05 0.77 0.02 0.04 0.04
Proportional larval
mortality
AlCc —0.83 —9.78 —0.14 0.13 1.80 1.41 15.18
AAICc 8.95 0.00 9.65 9.91 11.58 11.19 94.96
w 0.01 0.97 0.01 0.01 0.00 0.00 0.00
Proportional total
mortality
AlCc 5.49 10.01 0.32 7.88 8.02 7.73 24.46
AAICc 5.16 9.69 0.00 7.56 7.70 7.40 24.13
w 0.07 0.01 0.87 0.02 0.02 0.02 0.00

Note: Breeding Ozark hellbenders at the Saint Louis Zoo from the more mature first-generation oviposit ealier and have eggs that models with the lowest AAICc and

highest weights are bolded. Competing models are indicated by an asterisk (*).

The average hatchling mortality was 15% of the original
hatchling number with a range from 0% to 36%. The top-
ranking model for the proportion of hatchling mortality
included breeding location (Table 2). Breeding location was
a significant predictor of the proportion of hatchling mor-
tality (y2=4.97, p=0.026). The proportion of hatchling
mortality was higher for hellbenders bred in the indoor
artificial stream compared to hellbenders bred in the two
outdoor artificial streams (Figure 3).

The average larval mortality was 23% of the original number
of larva with a range from 0% to 64%. The top-ranking model
for the proportion of larval mortality included river of origin

(Table 2), which was a significant predictor of the response
variable (F13=9.75, p=0.003). Hellbenders from the EPR
and NFWR had significantly lower proportions of larval
mortality than CR individuals (Figure 3).

The average total mortality across life stages was 63% of the
original clutch size with a range from 15% to 100%. The top-
ranking model for the proportion of total mortality included
breeding group generation (Table 2), which was a significant
predictor of the response variable (F;,3=28.56, p=0.010).
Hellbenders from the second-generation breeding group had
significantly higher proportional total mortalities relative to
hellbenders from the first-generation breeding group (Figure 3).
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FIGURE 1 | The Zoo-bred Ozark hellbender egg production responses of average total length of breeding females (1), brooding male clutch size
(2), total egg count (3), and estimated number of female clutches (4) as a function of significant predictive factors including river of origin and
breeding location. Lettering over box plots denotes differences between factor levels with unique letters indicating significant differences, while

multiple letters indicate values that are indistinguishable from either unique letter.

4 | Discussion

Our study examined biological outcomes from 9 years of Ozark
hellbender conservation breeding efforts by the Zoo and its
partners. We successfully identified factors influencing the egg
production, egg development, and mortality of Zoo-bred Ozark
hellbenders. We identified river of origin and breeding location
as important predictors of some egg production responses, such
as average breeding female TLs, brooding male clutch size, total
breeding group egg counts, and the estimated number of female
clutches. We also found that breeding group generation signif-
icantly influenced the egg development responses of ovipositing
dates, weighted hatch date, and development days, with hell-
benders from the first breeding group generation ovipositing
and hatching later and developing for more time. Additionally,
the most important predictors of mortality for Zoo-bred Ozark
hellbenders differed by life stage. Breeding group generation
was a significant predictor of proportional egg mortality and
proportional total mortality, while breeding location best

predicted proportional hatchling mortality and river of origin
best predicted proportional larval mortality. Ultimately, our
results highlight areas for future exploration and monitoring
opportunities of Zoo-bred hellbenders to maximize the success
of future conservation breeding and head-starting efforts at
the Zoo.

The results from our examination of egg production of Ozark
hellbenders in the Zoo's breeding program contradicted our
prediction. We anticipated that river of origin would be an
important predictor for the average breeding female TLs
because surveys of wild individuals and Zoo individuals indi-
cate that NFWR individuals tend to be larger than CR or EPR
individuals (Peterson et al. 1983, 1988; Wheeler et al. 2003;
Macklem, et al. 2024). However, breeding location was the top-
ranking model for brooding male clutch size, total egg count,
estimated number of female clutches, and estimated female
clutch size. Moreover, the proportional hatchling mortality was
higher for hellbenders from the indoor artificial stream than the
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FIGURE 2 | The Zoo-bred Ozark hellbender egg development responses of Julian ovipositing date (1), Julian weighted hatch date (2), and

embryo development time (3) as a function of the significant predictive factor, breeding group generation. Lettering over box plots denotes differences

between factor levels with unique letters indicating significant differences.

outdoor artificial streams. These results could indicate that
further research is needed to quantify and distinguish the fea-
tures of the indoor and outdoor artificial streams that could
influence egg production at the Zoo. For example, perhaps
specific climactic or habitat configuration differences could
support males brooding larger clutches, females ovipositing
more eggs and clutches, and/or facilitate reproductive interac-
tions between more males and females during the breeding
season.

Alternatively, our finding that breeding location impacts egg
production responses could be a statistical artifact of which
breeding group occupied each artificial stream. Only breeding
groups with individuals from the NFWR bred in the indoor
artificial stream. While it is possible that the conditions of the
indoor stream provided some unique increase in egg production
responses to the NFWR hellbenders or that those hellbenders
were exceptionally healthier or genetically more diverse than
other breeding groups, we hypothesize that our results relate to
the size and maturity of the NFWR breeding group that bred in
the indoor artificial stream. Similar to studies from populations

in the wild and at the Zoo (Peterson et al. 1983, 1988; Wheeler
et al. 2003; Macklem, et al. 2024), the average TL of breeding
group females from the NFWR was greater than that of the CR
or EPR individuals at 49.7, 49.5, and 42.1 cm, respectively. This
discrepancy increased when comparing the average TL of
breeding group females from the NFWR that bred in the indoor
artificial stream, 50.8 cm, relative to those that bred in an out-
door artificial stream, 49.0 cm. This difference in TLs was due to
the transition from the first breeding group generation to
the second breeding group generation after the breeding group
was transferred to an outdoor artificial stream. Thus, the
breeding location predictor variable is likely identifying differ-
ences in egg production as a result of its inclusion of the largest
possible breeding group females kept at the Zoo. Larger and
more mature females typically produce larger -clutches
(Salthe 1969; Topping and Ingersol 1981; Duellman and
Trueb 1986; Nussbaum 1987; Browne et al. 2014), and the first-
generation NFWR breeding group produced more and larger
clutches on average relative to the second-generation NFWR
breeding group, at 1.4 and 1 clutches and 595 and 533 eggs,
respectively. This indicates that the breeding location predictor

10 of 15

Zoo Biology, 2024

85190117 SUOLULLIOD AITER.D) 3| ddke aU) Ad PoUIBAOB 318 SDDILE WO ‘38N J0 S| O AIc]| BUIIUO AB]1A IO (SUOIIPUGO-PUE-SWB) W00 A3 1M AJRAq 1PU1UO//ScI) SUONIPUOD PUe LB | 843 39S [7202/TT/92] Uo ARIq11 8UIIUO AB]1M ‘BLEIUR0D - BURIN Ad 698TZ'002/200T OT/I0p/W0Y" A3 | ARe.q1jBu U0/ Schy Woaj papeo|umod ‘0 “T9EZ860T



A B il A B
L]
——e—
>
-’ L ]
0.9 =
© Che
‘g =
= (o]
£
fe)] —
4 L
u? 06 S o2
©
s T
— ' c
5 S
Q €
© 0.3 0 01
o 1<%
£
! 1 00/ 2
0.04 . . . .
First Generation Second Generation Outside Inside
Breeding Group Generation Breeding Location
A B A A B
o] |
&09 209
S ©
5 €
o
2 = '
B =
2 061 S
s o
| = 061
c
5 ’ S
b= z
S o
o 0.31 o
: :
A 0.3
o | 3 4

Currer;t River North Fcl)rk River

River of Origin

Eleven Ploint River

First Gelneration Second C;eneration
Breeding Group Generation

FIGURE 3 | The mortality responses for Zoo-bred Ozark hellbenders including proportional egg (1), hatchling (2), larval (3), and total (4)

mortality as a function of the significant predictive factors of breeding group generation, breeding location, river origin, and breeding group

generation, respectively. Lettering over box plots denotes differences between factor levels with unique letters indicating significant differences.

could primarily be identifying that larger, more mature NFWR
breeding group individuals have larger brooding male clutches,
total egg counts, and estimated numbers of female clutches
relative to other breeding groups and breeding group genera-
tions, which is in accordance with scientific expectations about
body size and egg production. Future research comparing the
outcomes of other breeding groups in the indoor stream could
help clarify the importance of breeding location.

While our egg production estimates of the number of female
clutches and female clutch sizes are just approximations, they
provide useful baseline data for the conservation breeding
program. We found similar minimum, maximum, and average
female egg counts to hellbenders in the wild using the 350-egg
maximum. We observed a minimum of 84 and a maximum of
348 eggs, similar to the 82 minimum and 348 egg maximum
observed in wild Missouri populations (Briggler and
Johnson 2021). Our estimated average female contribution of
259 eggs also falls within the two average estimates we have for
female Ozark hellbenders in Missouri of 217 and 270 eggs
(Nickerson and Mays 1973; Briggler and Johnson 2021).

However, on three occasions, the estimated number of female
clutches exceeded the number of breeding females in a partic-
ular breeding group. The number of eggs laid on these occa-
sions suggests that the females were laying more than 350 eggs
on average, which exceeds the known 348-egg maximum
observed in the wild. This could be feasible because egg pre-
dation and cannibalism may be minimized in the Zoo relative to
the wild, which could lead to underestimations of wild clutches.
Hellbenders at the Zoo also have easily accessible and con-
sistently available food, which could eliminate periods of food
scarcity, minimize foraging activity, and allow for greater allo-
cation of energy and resources to reproduction relative to wild
hellbenders. These differences might make them more capable
of producing clutches near their maximum egg production
potential (Salthe 1969; Duellman and Trueb 1986). Addition-
ally, the average number of mature eggs in the ovaries of Ozark
hellbenders has been approximated at 447 (Topping and
Ingersol 1981), which indicates that Ozark hellbenders have the
capacity to produce greater than 350 eggs in a given
reproductive year. Contrarily, there were two instances where
the oviposition pattern with males in the breeding group was
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suggestive of more female contributors than our estimated
number of female clutches, which would indicate that each
female was likely ovipositing substantially fewer than 350 eggs.
This type of underestimation is expected when using a maxi-
mum egg production value, as females may not produce eggs at
their maximum capacity every year. While the use of a 350-egg
maximum is imperfect, it can provide useful estimates on what
percentage of females within a breeding group are likely con-
tributing to egg production each year and a means to estimate
how the average number of eggs produced by breeding females
shifts through time, both of which are potentially important
baselines to compare the success of different breeding groups
and breeding group generations. Moreover, these estimations
may be some of the only available approximations the Zoo has
to assess these important reproductive parameters retroactively,
given that parentage is uncertain. As more is learned about
Ozark hellbender breeding at the Zoo, these estimates and the
methods used to calculate these values can be adjusted.

Zoo breeding group generation strongly influenced all egg
development responses and proportional egg and total mortality
responses. Our original hypothesis that second-generation in-
dividuals were likely to have eggs with shorter development
times and higher proportional mortalities due to reduced female
size and, thus, reduced accumulation of resources for successful
reproduction is supported by our data and the literature. The
biological relationship between female size and clutch size,
ovum size, and egg development time is well documented, with
larger females tending to produce larger clutches, larger ovums,
and eggs with longer development times that hatch at more
advanced developmental stages (Salthe 1969; Topping and
Ingersol 1981; Duellman and Trueb 1986; Nussbaum 1987;
Browne et al. 2014). First-generation breeding females had
average TLs of 47.0cm compared to 42.8cm for second-
generation breeding females. Moreover, hellbenders from the
first-generation breeding group produced more eggs each year,
on average, than the second-generation breeding group, with
674 and 402 eggs, respectively. Additionally, hellbenders from
the first-generation breeding group had longer egg development
periods with delayed ovipositing and weighted hatch dates
relative to hellbenders from the second-generation breeding
group. On average, eggs from the first-generation breeding
group hatched in 54.5 days, while eggs from the second-
generation breeding group hatched in 42.4 days. In addition to
potential differences in female contributions, we also hypothe-
size that larger, older males might have contributed to the
higher egg survival of hellbenders from the first-generation
breeding group due to increased resources to allocate toward
reproduction and parental care. Sperm production and mating
can be costly for polygynous amphibians (Gibbons and
McCarthy 1986; Hettyey et al. 2009), but larger amphibian
and fish males tend to produce more sperm (O'Dea, Jennions,
and Head 2014), be more successful at mating (Le Jacques and
Lodé 2003) and fertilizing eggs (Gibbons and McCarthy 1986),
and have eggs with higher hatching success (Le Jacques and
Lodé 2003). In our case, it is possible that the first-generation
males might have increased sperm numbers, be more successful
at mating and fertilizing eggs, and/or be better able to brood the
eggs for the entire duration of their extended development,
defend the eggs from predation, and perform energetically
costly behaviors such as egg fanning and agitation than

younger, smaller males. While we could not quantify differ-
ences in parental care because male hellbenders at the Zoo
don't provide parental care for the duration of egg development,
we did find evidence to suggest that second-generation males
were less successful at fertilizing the eggs. In those cases, we
observed clutches being brooded by males where all or most
eggs did not appear to develop at all, which could be indicative
of a failure to fertilize the eggs. These cases contributed to the
higher proportional egg mortality we observed for the second-
generation breeding group. Whether due to having larger, older
females, males, or both, we observed significant differences in
egg success with higher proportional egg survival for hellben-
ders from the first-generation breeding groups than the second-
generation breeding group.

Prolonged egg development, like we observed in hellbenders
produced by the first breeding group generation, often has
cascading benefits to the eggs, which starts with hatching at a
larger size and at a more advanced developmental stage
(Salthe 1969; Kaplan and Kaplan 1980; Duellman and
Trueb 1986). This is particularly important in the wild during
the hatchling stage when mortalities are often elevated
due to high levels of predation (Pagnucco, Paszkowski, and
Scrimgeour 2011; Drake et al. 2014; Davenport et al. 2017),
increased competition for limited food and shelter resources
(Wilbur 1976, 1977, Werner 1986; Vonesh and De la Cruz 2002;
Soteropoulos et al. 2014; Rasmussen and Rudolf 2015), exposure
to disease (Garner et al. 2009; Fernandez-Benéitez et al. 2011);
and vulnerability to environmental conditions and anthropo-
genic threats (Petranka and Sih 1986; Rogers and
Chalcraft 2008; Di Minin and Griffiths 2011; Lowe et al. 2019;
Cayuela et al. 2015; Reinhardt et al. 2018). Thus, the benefits of
prolonged egg development and hatching at an advanced
developmental stage can include reduced threats of predation,
increased availability of food resources for hatchlings, and
accelerated larval growth, ultimately leading to an amplification
of earlier differences in size with time (Kaplan and
Kaplan 1980; Sih and Moore 1993; Moore, Newton, and
Sih 1996; Pagnucco, Paszkowski, and Scrimgeour 2011). These
long-term benefits could explain our finding that total propor-
tional mortality was higher for hellbenders from the second-
generation breeding group. Alternatively, this result could
indicate a strong influence of egg success on overall clutch
success in the first year of life. In the future, we could examine
the impacts of prolonged development on the post-release
success of reintroduced hellbenders.

We note that temperature and other environmental conditions
can also play a significant role in amphibian reproduction,
development, and survival (Duellman and Trueb 1986). The
temperatures of the indoor and two outdoor artificial streams
are fluctuated to mimic their rivers of origin but other ambient
conditions are not controlled for (Pedigo et al. 2021). Thus,
ambient temperatures and other environmental variables were
variable during the breeding season and the minimum
12-14 days that the eggs remain in the artificial streams
before being moved to the egg incubation trays. Our inclusion
of Reproductive Year as a predictor variable in our model set
was intended to identify potential differences in environmental
conditions during that time period that were substantial enough
to influence the reproductive variables we measured. Given that
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Reproductive Year was not a top model for any of our response
variables, it is unlikely that these differences in environmental
conditions are the primary driver of the results we observed.

In addition to breeding group generation influencing propor-
tional egg and total mortality and breeding location influencing
proportional hatchling mortality, we found that proportional
larval mortality was best explained by the river of origin. Spe-
cifically, we observed higher mortality in CR individuals rela-
tive to EPR or NFWR individuals. This was an unexpected
result that may suggest a negative population-specific response
to the conditions at the Zoo or arbitrarily poor reproductive
success for the specific individuals in the breeding group. For
example, this result could indicate reduced genetic fitness of the
CR breeding group. However, only one CR breeding group was
included in our analysis, and it is possible, due to the generally
low genetic diversity of Ozark hellbender populations (Sabatino
and Routman 2009; Crowhurst et al. 2011; Tonione, Johnson,
and Routman 2011; Hime 2017), that this breeding group had
particularly reduced genetic fitness by chance.

The average total mortality across all life stages (i.e., egg,
hatchling, and larvae) was 63% with a range of 15% to 100%.
Although these results may seem high, they take into account
the entirety of hellbender egg clutches produced at the Zoo
from 2012 to 2020, including occurrences of total or partial
infertility and individual instances of humane euthanasia due to
congenital deformities. For example, our inclusion of infertile
eggs considerably increases the total egg mortality counts.
Additionally, the humane euthanasia of hatchlings and larva
with complications (e.g., spinal issues, bloating, anorexia, etc.)
that are not ideal for long-term husbandry investments or
augmentation into wild populations further increases mortality
in these life stages. Mortality rates should also decline as the
second-generation breeding groups mature. Our data set
included the first breeding attempts of the newly sexually
mature individuals that were reared from eggs at the Zoo. We
anticipate that as these individuals become more mature and
experienced breeders, the mortality rates of their eggs, hatch-
lings, and larva will decrease and more closely resemble the
mortality rates of hellbenders produced by the first-generation
breeding group. Taking all of these factors into account, the
average total mortality rate of Zoo-reared hellbenders to age one
is substantially lower than the 90% estimated mortality rate for
hellbenders under natural conditions in the wild (Unger,
Sutton, and Williams 2013), which ultimately contributes to
more mature hellbenders augmenting wild populations. Con-
siderable information has been gained through trial and error
over the years to propagate and augment wild populations of
hellbenders in Missouri, and we continue to advance our
knowledge to conserve this subspecies.

Our study analyzed data from a long-term Ozark hellbender
conservation breeding and head-starting program at the Zoo.
This research established baseline reproduction, egg develop-
ment, and mortality data as well as identified areas for future
inquiry and methods to monitor the long-term success of the
Ozark hellbender conservation breeding program. Such pro-
grams provide important opportunities for zoos and other
institutions to identify, monitor, and examine novel biological,
behavioral, or natural history data. In addition to improving

ex-situ care and husbandry practices, collecting and publishing
this baseline data can contribute to in-situ conservation and
management efforts for this endangered species.
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