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Abstract: The Phoenix Zoo has partnered with US Fish and Wildlife Service, Arizona Game and
Fish Department, US Forest Service, and other organizations for more than 25 years to help recover
Chiricahua leopard frogs (Rana [=Lithobates] chiricahuensis) in Arizona, USA. This federally threatened
species faces declines due to habitat loss and degradation, long-term drought, disease, and invasive
species. Over 26,000 larvae, froglets, and adults, as well as 26 egg masses produced by adults held at
the Phoenix Zoo have been released to the wild, augmenting and/or re-establishing wild populations.
Chiricahua leopard frog-occupied sites in Arizona have increased from 38 in 2007, when the species’
recovery plan was published, to a high of 155 in the last five years, as a result of ex situ and in
situ conservation efforts. As one of the longest-running programs of its kind in the United States,
communication among partners has been key to sustaining it. Recovery strategies and complex
decisions are made as a team and we have worked through numerous management challenges
together. Though Chiricahua leopard frogs still face significant threats and a long road to recovery,
this program serves as a strong example of the positive effects of conservation partnerships for
native wildlife.

Keywords: conservation partnerships; amphibian; translocation; release; head-starting; reintroduction;
breeding

1. The Phoenix Zoo’s Legacy of Native Species Conservation

The Arizona Center for Nature Conservation/Phoenix Zoo (hereafter, Phoenix Zoo/Z00)
is one of the largest private, nonprofit zoological facilities in the United States. Located in
Phoenix, Arizona, the Zoo opened in November 1962 and is accredited by the Association of
Zoos and Aquariums (AZA) [1]. In addition to exhibits and experiences open to the public,
the Zoo is also the site of the Arthur L. and Elaine V. Johnson Native Species Conservation
Center (Johnson Center), where staff work with ten species of conservation concern in Ari-
zona in collaboration with the US Fish and Wildlife Service (USFWS), Arizona Game and
Fish Department (AZGFD), US Forest Service (USFS), US Bureau of Land Management, US
Geological Survey, private land managers, universities, other AZA-accredited zoos and con-
servation organizations, and more. These efforts include propagation-for-release programs
to augment wild populations and scientific research that helps inform species management
plans at the Zoo and in the field [1]. The Phoenix Zoo also supports international wildlife
and habitat conservation projects, some led by Zoo scientists and others directed and man-
aged by individuals and organizations based in the field [1]. None of this work would
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be possible without continued support of the Zoo’s board of trustees and staff leadership,
which have prioritized conservation funding even during times of economic uncertainty. In
addition, the Zoo has benefited from generous contributions from individual donors, grants
from foundations and federal/state agencies, and corporate support for its mission, which
specifically calls out stewardship and conservation of wildlife and their habitats. While
all modern, professionally managed zoological parks contribute to wildlife conservation
as a requirement of AZA accreditation [2], the Phoenix Zoo is especially recognized for its
long-term efforts to help recover species native to its home state [1]. Initiated in 1995, the
Z0o0’s Chiricahua leopard frog program, in partnership with AZGFD, USFWS, and USFS, is
one of its flagship conservation efforts [1].

2. Chiricahua Leopard Frogs: Background

The Chiricahua leopard frog (Rana [=Lithobates] chiricahuensis) is listed as a federally
threatened species in the United States [3], as amenazada (=threatened) on the Lista de
Especies en Riesgo of Mexico [4], and as vulnerable on the International Union for Con-
servation of Nature Red List [5]. The species is native to a variety of permanent and
semi-permanent aquatic systems in Arizona and New Mexico, USA, as well as Sonora,
Chihuahua, and Durango, Mexico [3,6-8]. Found in areas ranging from montane pine wood-
lands to lowland grasslands, and from pristine spring-fed pools to streams and earthen
cattle tanks, these frogs are habitat generalists (reviewed in [3,6,7]). Habitat loss and degra-
dation, long-term drought, disease, and the establishment of invasive non-native predators
such as bullfrogs and crayfish in many permanent waters within the species’ range led to
decline of Chiricahua leopard frog populations, which are now largely restricted to artificial
aquatic systems and natural systems that lack invasive predators (reviewed in [3,6-8]).

Chiricahua leopard frogs were listed as threatened under the U.S. Endangered Species
Act in 2002 after USFWS determined the species was absent from more than 75 percent of
historical sites and that significant threats to the species will continue for the remaining
small and scattered populations [6]. The USFWS organized a formal recovery team tasked
with developing a recovery plan, completed in 2007 [7], for the species. To be considered for
delisting, each of eight geographically defined recovery units across the species’ range must
meet criteria regarding long-term persistence of metapopulations and isolated populations,
protection and management of aquatic breeding habitats and the areas connecting them,
and reduction or elimination of threats to the species and other causes of population
decline [7]. The recovery plan also identified management areas within each recovery unit
where potential for successful recovery actions is greatest [7].

Ex situ conservation strategies for Chiricahua leopard frogs began well before the
development of the species’ recovery plan and were incorporated into the plan as a criti-
cal tool for accomplishing recovery actions, including reestablishment of populations at
formerly occupied sites, augmenting populations at occupied sites, and temporary rescue
of frogs facing imminent acute threats followed by repatriation after threats have been
abated [7]. Today, the ex situ conservation program for Chiricahua leopard frogs is one of
the longest-standing and largest programs of its kind in the United States, providing more
than 26,000 individuals for release to the wild from the Phoenix Zoo alone (see below), and
is an important tool for working towards recovery of the species [9,10].

3. History of the Phoenix Zoo’s Involvement in Chiricahua Leopard Frog Conservation

In 1995, the Phoenix Zoo was invited to collaborate on leopard frog conservation with a
large partnership that included state and federal wildlife agencies, zoos, nongovernmental
organizations, corporations, universities, ranchers, and private landowners. In the early
years of this work, egg masses were brought in from the wild and reared in small aquaria
and plastic kiddie pools in a curator’s office, with all resulting head-started frogs released
before winter to augment wild populations [11]. Over time, the Zoo dedicated additional
physical resources to the program, detailed later in this paper. The program initially relied
on a volunteer “Tadpole Taskforce” whose members were responsible for daily husbandry
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of animals, under oversight from the Zoo’s Living Collections team. In 2008, the Zoo
established its Conservation and Science Department, and began adding staff dedicated
specifically to management and care of native species conservation programs. Soon after,
the Tadpole Taskforce was disbanded, and paid Zoo technicians became solely responsible
for daily husbandry. Throughout the program, Zoo scientists have joined state and federal
agency biologists on field surveys and monitoring excursions and conducted some surveys
on their own, further supporting recovery efforts and increasing Zoo biologists” connection
to the work in the species’ native range [12].

4. Evolution of Ex Situ Conservation Facilities and Strategies

The Phoenix Zoo has contributed to the recovery of Chiricahua leopard frogs in
Arizona using two main ex situ conservation strategies—head-starting and breeding. When
head-starting, the Zoo has typically received wild egg masses collected by conservation
partners and reared them to late-stage larvae or juvenile frogs to increase survivorship
beyond what would be likely in the wild. These individuals are then released into wild
sites within their respective recovery unit. The Zoo has also bred adult frogs and provided
egg masses for release to the wild. These conservation strategies are used to start new
populations or augment existing populations in areas with suitable habitat and low levels
of threat. During annual recovery meetings, partners identify existing, restored, or created
habitats for future introduction or augmentation. Primary factors influencing site selection
include water permanency, proximity to extant sites or metapopulations, existing threats,
and genetics.

Each strategy has required different types of facilities and management, which evolved
over the years as the species’ recovery program needs changed. The first facility at the
Phoenix Zoo built for Chiricahua leopard frog rearing was the Montane Anuran Conser-
vation Center [12]. It was constructed from two insulated cargo containers and equipped
with air conditioning units, lighting, and aquaculture tubs that served as a small rearing
facility. This facility was used to head-start over 5000 Chiricahua leopard frogs between
1997 and 2007. Zoo staff also repurposed an existing outdoor space, known as the Lower
Anuran Conservation Center (LACC), that had been part of fish hatchery operations on
site prior to the Zoo’s opening in 1962. The LACC was an L-shaped concrete tank with
mesh roof and side panels that held leopard frogs from 1996 until it was decommissioned
in 2013 due to new construction. The LACC allowed for overwintering of adult frogs and
production of egg masses on Zoo grounds.

In 2007, the Phoenix Zoo opened the Arthur L. and Elaine V. Johnson Foundation
Conservation Center (Johnson Center), a permanent facility with space for breeding and
rearing multiple species, including a ~850 ft2 lab dedicated to Chiricahua leopard frog
rearing (Figure 1). Opening the Johnson Center marked a pivotal point in the Chiricahua
leopard frog program, as it allowed for multiple populations of frogs to be reared simulta-
neously in biosecure facilities and included a separate space for quarantining frogs coming
in from the field [12]. The Johnson Center magnified the Phoenix Zoo’s recovery contribu-
tion by increasing the number of individual Chiricahua leopard frogs reared and released
into the wild.
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Figure 1. Chiricahua leopard frog head-starting lab in the Phoenix Zoo’s Johnson Center.

Another expansion occurred in 2010 when the Johnson Conservation Center Ranaria
Complex (Ranaria Complex) was constructed, providing fully contained semi-natural habi-
tats for housing and rearing Chiricahua leopard frogs and other aquatic species outdoors
(Figure 2). This complex has been renovated over the years to accommodate the changing
needs of the Phoenix Zoo’s native species programs and currently contains 12 enclosures,
six of which now house Chiricahua leopard frogs. Each enclosure has a pond with a filtra-
tion system surrounded by land, with live terrestrial and aquatic plants providing varied
cover. This outdoor holding space mimics the natural environment and helps promote
foraging and cryptic behaviors in the frogs, as well as exposes them to seasonal temperature
and light fluctuations.

Figure 2. Phoenix Zoo Ranaria Complex habitats for Chiricahua leopard frog rearing and breeding.

One benefit of the Ranaria Complex has been the ability to house male and female
frogs separately. This increased capacity allows the Zoo to hold adult populations year-
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round and pair wild-sourced individuals representing remaining genetic lineages for
breeding when timing is right to produce egg masses. Egg masses are then translocated
to wild sites or brought into the Johnson Center for rearing. The creation of additional
frog enclosures in the Ranaria Complex allowed the Zoo to move from focusing efforts
on rearing frogs from one population in one recovery unit at a time to rearing multiple
populations in different recovery units or different management areas within a recovery
unit simultaneously. Partners working to manage wild Chiricahua leopard frogs rely
heavily on the Ranaria Complex as a source for reestablishing frog populations using egg
masses produced by adult breeders when conditions in the wild lead to sudden population
declines. When biologists conduct emergency salvages at drying sites, the Ranaria Complex
has also acted as a temporary refugium until water naturally returns to these sites.

As the facilities at the Phoenix Zoo have evolved through the years, larval head-starting
and rearing strategies have also changed. In early years, the focus was on producing large
numbers of larvae [12]. More recently, efforts have shifted focus to ensure animals produced
are large and healthy at the time of release. For many years, all individuals were released to
the wild by fall, but the addition of the Ranaria Complex allowed the Phoenix Zoo to start
overwintering some larvae and juvenile frogs. This strategy, followed by a springtime re-
lease of larger frogs, may increase their chances of survival after translocation by providing
frogs more acclimation time prior to winter when they are vulnerable to chytridiomycosis,
the disease caused by the fungal pathogen Batrachochytrium dendrobatidis (Bd). This longer
“growing season” may also provide released frogs a chance to breed prior to their first win-
ter in the wild, which could increase population persistence through overwintering larvae
at sites where adults and juveniles are susceptible to chytridiomycosis in winter [13,14].
This is of particular importance for higher-elevation populations of Chiricahua leopard
frogs, which appear severely limited by localized die-offs from chytridiomycosis.

Husbandry protocols adhere to the Phoenix Zoo’s Standard Operating Procedure (SOP)
for Chiricahua leopard frogs, informed by the species’ recovery plan [7], which outlines
daily and monthly routines, capture and handling protocols, and wellness evaluations. The
SOP is a flexible document that is updated as protocols change. Protocols have evolved
from rearing low numbers of larvae in numerous small tanks to rearing larger groups of
larvae in bigger tanks to optimize staff time and resources. To provide a better environment
for larvae to grow, the Phoenix Zoo and partners also invested in improving the quality
of water used in the frog head-starting lab. Shifting away from dechlorinated tap water,
this lab now relies on a reverse osmosis deionized water system which produces pure
water that is then reconstituted, resulting in water with a concentration of solutes that is
isotonic with the internal concentration of amphibians. Housing and rearing of Chiricahua
leopard frogs at the Zoo has also allowed staff to collect data on body size and life stage to
determine growth and development rates and improve the species’ management (Phoenix
Zoo, unpublished data). To help improve nutrient absorption and body condition of larvae
and juveniles, the Zoo has modified lighting and diet offerings. Zoo scientists continue
to evaluate husbandry and head-starting strategies with the goal of producing healthy
individuals that will thrive in the wild.

5. Conservation Successes at the Zoo and in the Field

Over the years, the Phoenix Zoo has been successful rearing larvae and juveniles for
release in Arizona. Mean survival for individuals from newly hatched larval stage to release
to the wild is 70.1% (Table S1; range: 43.9-97.2%; years: 2009-2020, when consistent data
collection methods allowed for comparison). Survival varies among years, with no trend
in survival of larvae over time (n = 16; r*> = 0.0016; p = 0.882). When multiple egg masses
were reared simultaneously in the same lab, suvival of larvae varied by as much as 45.2%
between egg masses (Table S1), suggesting there are factors other than rearing environment
(e.g., genetics and pathogens) playing a role in survivorship. Though survivorship of early
life stages is largely unknown for wild Chiricahua leopard frogs, overall survivorship
is low [7]. Given that, for most amphibians with indirect development, early life stage
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mortality is very high (>90% [15]), head-starting Chiricahua leopard frogs past these stages
and releasing large numbers of individuals, as is possible through the Zoo's facilities, can
be an important strategy for improving survivorship [7,10].

From 1995-2020, 179 releases of Phoenix Zoo-reared leopard frogs have taken place in
Arizona, totaling 26,821 individual larvae and frogs (Figure 3; Table S2) and 26 egg masses,
which roughly equates to 20,000 eggs (assuming ~750 eggs per egg mass). The number
of individuals produced and released increased after the opening of the Johnson Center
in 2007.
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Figure 3. The number of Chiricahua leopard frogs released from 1995-2020 after rearing and/or
housing at the Phoenix Zoo. A total of 26,821 individuals (15,562 larvae, 11,119 juvenile frogs, and
140 adult frogs) were released during this timeframe. The Zoo’s program involvement was reduced
in 2001-2005 due to staffing changes.

Wild Chiricahua leopard frog population status, including the success of releases, is
gauged primarily using visual encounter surveys. Current monitoring in Arizona includes
visual encounter surveys at sites, where surveyors record presence or absence of frogs and
collect data on presence of threats, habitat conditions, evidence of breeding, and more.
Surveys sites are selected to document (1) continued persistence of Chiricahua leopard
frogs or habitat; (2) persistence of frogs following a recent release; (3) dispersal events;
and (4) habitat suitability [9]. In recent years, sites have typically been surveyed between
one and three times annually—in spring to detect overwinter survival and breeding, early
summer prior to the monsoon to gauge water permanency, and post-monsoon (September—
October) to detect dispersal and breeding.

Completion of the Chiricahua Leopard Frog Recovery Plan in 2007 [7] marked a turn-
ing point in the conservation of the frog by providing a blueprint to work towards recovery
of the species. In 2007, there were only 38 known sites occupied by Chiricahua leopard frogs
in Arizona. While the Recovery Plan outlined surveying protocols, there is still a need for a
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scientifically rigorgous, long-term monitoring program across the species’ range that would
allow for inferences about the species’ status over time. Current population assessments
in Arizona are made annually based on the number of sites in which we document frogs,
breeding, and a robust population (as defined in the Recovery Plan) [7,9]. The number of
occupied sites in Arizona fluctuates annually based on persistence of frog populations and
annual factors including precipitation and survey effort; between 2016 and 2021 the number
of occupied sites in Arizona was as high as 155—a four-fold increase relative to 2007 [9].
This progress is due to a multi-pronged recovery approach that includes translocations,
bullfrog control, habitat restoration, conservation agreements with private landowners,
building support through outreach, and application of research and monitoring through
adaptive management [9].

A recent analysis of 25 years of Chiricahua leopard frog translocation events [10], with
most releases involving animals from the Phoenix Zoo, highlights the value of translocations
and provides useful information for adaptive management. Translocations from captive,
semi-captive, and wild source populations were all associated with increased probability of
release site population persistence, i.e., the proportion of years that sites were estimated to
be occupied by Chiricahua leopard frogs [10]. Of the various life stages translocated to wild
sites, larval releases were associated with the largest increases in population persistence [10].
Persistence probability also increased as numbers of translocation events at a site increased,
with two or more translocations at a site associated with four or more years’ increase in
the site’s predicted occupancy [10]. The combination of several stocking events with large
numbers of larvae into neighboring lentic sites that lack vertebrate predators maximized
translocation success [10]. Stocking large numbers of Chiricahua leopard frog larvae
depends on animals produced en masse at the Phoenix Zoo and cannot be replicated
through wild to wild releases.

6. Evolution and Maintenance of Partnerships

Species recovery is typically a complicated, lengthy process with successes and set-
backs [16-21]. Strong partnerships are critical to keeping recovery programs moving
forward in the face of what can sometimes feel like insurmountable challenges, such as
long-term drought and intractable disease in the case of Chiricahua leopard frogs. When
partners support one another and work together to devise new ideas and learn from both
successes and failures, a recovery program is greatly strengthened.

Communication has been key to the longevity of the Chiricahua leopard frog con-
servation partnerships in Arizona. Specifically, we credit our ability to have difficult
conversations and make hard choices and program improvements together as a team,
putting the conservation of frogs first and working toward a common goal. With commit-
ment to the partnership becoming institutionalized over time, we have also been able to
maintain momentum even as staff changes occurred in key roles at partner agencies and
organizations. Once the recovery plan was completed, the formal recovery team for the
Chiricahua leopard frog was replaced by steering committees in each U.S. state where the
frog occurs as well as regional work groups. High level priorities, such as new research,
adaptive management, range-wide threat abatement, and other range-wide recovery activi-
ties are discussed annually at steering committee meetings in Arizona and New Mexico.
The recovery plan guided regional work groups to implement recovery at a local level
based on the eight recovery units and their associated management areas. As a result, eight
local recovery groups across Arizona meet annually to prioritize and implement short- and
long-term conservation and recovery actions in each management area or recovery unit.

Furthermore, a key to the success of the partnership in Arizona and beyond is that
both in situ and ex situ conservation strategies have been integrated since the beginning
and formalized in conservation plans—especially the Chiricahua Leopard Frog Recovery
Plan [7,22]. By taking a “One Plan Approach” to species conservation planning [23,24]
rather than planning separately for in situ and ex situ conservation efforts, we have ensured
that we are all working together toward common goals and objectives. Furthermore, such



J. Zool. Bot. Gard. 2022, 3

539

integrated planning benefits the partnership by demonstrating respect for the different but
complementary roles and expertise that in situ and ex situ conservation partners contribute
to species recovery.

Opver the years, the Phoenix Zoo has become more involved in broader recovery efforts
for Chiricahua leopard frogs, including participating to a greater extent in planning and
monitoring efforts. The bulk of the Zoo’s involvement has focused on work in Arizona, with
communication and collaboration with colleagues working in New Mexico as requested. An
annual agency-sponsored Chiricahua leopard frog certification workshop and associated
field survey training has allowed Zoo staff and numerous others to gain knowledge and
skills needed to help monitor wild populations. Furthermore, important for the partnership
and recovery program has been the Zoo’s willingness and ability to pivot quickly and be
flexible to the needs of the species and those who manage them, such as taking in additional
animals, sometimes from new recovery units or management areas of Chiricahua leopard
frogs on short notice. Without this versatility, populations or genetic lineages of frogs
potentially would have been lost.

7. Challenges Faced—Example 1: Deciding to Cross Genetic Lineages

Across recovery programs for imperiled species, managers and conservation partners
sometimes face the difficult decision of whether to artificially restore gene flow through
the mixing of isolated populations (e.g., Florida panther, Puma concolor coryi [25,26]; Gila
topminnow, Poeciliopsis occidentalis [27]; Greater prairie chicken, Tympanuchus cupido pin-
natus [28,29]; headwater livebearer, Poeciliopsis monacha [30]; Isle Royale wolves, Canis
lupus [31,32]; mountain pygmy possum, Burramys parvus [33]). Such genetic rescue at-
tempts tend to be rare due to biological concerns about outbreeding depression and the
potential to lose adaptations to local conditions, as well as cultural concerns about tax-
onomic integrity and regulatory obstacles [34,35]. However, outcrossing in many cases
can be highly beneficial to small, genetically isolated populations that are often inbred,
ultimately ensuring their survival [34-37].

Around the time the Chiricahua Leopard Frog Recovery Plan was published in 2007,
conservation partners in Arizona had to make difficult choices about a declining, isolated
population of Chiricahua leopard frogs on the Coconino National Forest in the Buckskin
Hills near Camp Verde, Arizona. Due to a population crash following extensive drought
in 2002, the only remaining individuals representing a genetic lineage from the Buckskin
Hills population were two males and one female held at the Phoenix Zoo. Conservation
partners hoped these frogs would produce offspring for reintroduction, but the pairing did
not produce viable egg masses. Attempts were even made to hormonally induce breeding,
but with no success.

To retain some of the potentially valuable genetics of this population and have frogs
to return to the area, USFWS and AZGFD ultimately decided to cross the remaining Buck-
skin Hills frogs with individuals from the nearby Gentry Creek lineage located on the
Tonto National Forest. Attempts at the Phoenix Zoo to pair two Buckskin Hills males with
two Gentry Creek females produced six egg masses in 2008 that had some viable eggs.
Though survivorship of larvae was very low, 48 larvae and 18 juveniles and subadults
from these crosses were released to the wild in fall of 2008. In subsequent years, additional
releases from these crosses helped bolster the reintroduced population, and frogs eventu-
ally dispersed across the landscape forming a metapopulation—even moving into areas
the local recovery group had not considered releasing them. Within the Buckskin Hills,
many sites originally prioritized for recovery have had substantial die-offs from chytrid-
iomycosis and we are now focusing conservation efforts in the dispersal sites where frogs
continue to persist.

The decision to cross genetic lineages was relatively straightforward once all other
options had been exhausted. However, most Buckskin Hills genetics had already been lost
at that point. In hindsight, starting ex situ conservation efforts for the Buckskin Hills lineage
earlier may have prevented some of the Buckskin Hills” genetic diversity loss. At the time it
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did not seem warranted, but the population crashed more quickly than anyone anticipated.
Decision making was further hampered because of knowledge gaps in Chiricahua leopard
frog genetics. Populations that we eventually crossed were close enough geographically
that USFWS, AZGFD, and Phoenix Zoo staff ultimately felt comfortable that the risk of
outbreeding depression through a genetic cross was low. At present, Chiricahua leopard
frog partners are collaborating with a geneticist who is characterizing the genetic structure
and diversity across the species’ range to inform an applied genetic management plan for
making decisions about timing and need of genetic rescue across populations.

8. Challenges Faced—Example 2: Managing Disease

Disease is another common challenge faced by species, as well as ex situ conservation
programs designed to benefit these species. For Chiricahua leopard frogs, as well as many
other amphibian species worldwide, chytridiomycosis is a major threat to the survival of
populations, hampering recovery efforts [7,38,39]. This skin disease, caused by the fungus
Bd, leads to mortality in amphibians by disrupting the skin’s osmoregulatory function [40].
Sporadic mortality events associated with Bd infections have been observed across the
range of Chiricahua leopard frogs, especially during the cool season when lower water
temperatures in the region are associated with higher prevalence of Bd [7,13,14,41]. At
present, there is no known preventative measure or treatment for Bd that can feasibly be
applied in the field for Chiricahua leopard frogs.

Chiricahua leopard frogs of all life stages brought to the Phoenix Zoo for head-starting
or breeding are tested for Bd, as are water samples from the source site. These incoming
individuals are held in a separate quarantine room, where biosecurity protocols [42] are in
place to prevent disease transmission to other animals or parts of the facility. Individuals are
released from quarantine only after testing negative for Bd and ranaviruses, and typically
after a quarantine period of 30 days.

At times, the Phoenix Zoo has been called on to take in frogs from areas known to
harbor Bd due to imminent threats (e.g., severe drought) facing those frog populations.
Thus, it has been important to develop an effective strategy for clearing Bd in this species
ex situ. Multiple treatment options exist for amphibians testing positive for Bd in an ex
situ setting, including medications and elevated temperature protocols that each have
advantages and disadvantages (reviewed in [42]). Different species and/or life stages
may vary in their responses to treatments, and multiple treatment types may be needed
to clear animals of Bd [42]. In 2015, the Phoenix Zoo successfully employed an elevated
temperature protocol that cleared quarantined larvae, and larvae that metamorphosed
during the quarantine period, of Bd [43]. The water temperature in the tanks housing the
larvae was elevated for 6 days and larvae were swabbed for Bd three times post-treatment.
The heat treatment was relatively simple to employ and had no observed short- or long-
term adverse effects (e.g., morphological, behavioral, mortality) on treated individuals [43].
Additionally, Zoo staff used this protocol in 2021 with quarantined adult frogs that tested
positive for Bd to successfully clear them of Bd with no adverse effects (Phoenix Zoo,
unpublished data). Having an effective Bd treatment protocol for use during different life
stages allows the Phoenix Zoo and partners to bring in genetic diversity from the wild that
we would not be able to access otherwise and is critical for ensuring the health and welfare
of all the amphibians in the Zoo’s care.

In 2013, the USFWS and AZGFD shifted from requiring prophylactically treating all
frogs for Bd prior to release with itraconazole to conducting Bd testing prior to release to
determine if subsequent treatment is necessary. Although effective, prophylactic treatment
is costly, time consuming, and stressful to frogs [42].

Amphibian disease, particularly chytridiomycosis, continues to be a challenge to rein-
troduction efforts, with translocated individuals and populations sometimes succumbing
to the disease. Nevertheless, we continue to release Chiricahua leopard frogs into all parts
of their historical range in Arizona, including locations with a history of Bd [9]. Studies of
lowland leopard frogs and Chiricahua leopard frogs found that some populations have
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Major Histocompatibility Complex (MHC) alleles associated with increased survival in the
presence of Bd, along with evidence supporting the hypothesis that Bd tolerance is evolving
rapidly [44-47]. Additionally, some southern Arizona Chiricahua leopard frog populations
appear to co-exist with Bd with no apparent population-wide die-offs. Currently we do
not fully understand the spatial distribution of Bd patterns or seasonal prevalence of Bd
in the Chiricahua leopard frog’s range, or why populations vary in their susceptibility, so
additional research is needed to improve the survivorship of Chiricahua leopard frogs in
the presence of Bd.

We know even less about ranaviruses in Arizona, as widespread testing for the disease
has not occurred and relatively little is known about its biology or distribution in Arizona.
Two types of ranaviruses, Amybstoma tigrinum virus (ATV) and frog virus 3 (FV3), are both
linked to large episodic die-offs in larval amphibians [48]. While FV3 is not known from
Arizona, ATV infects tiger salamanders (Ambystoma tigrinum) throughout Arizona but is
not known to infect ranids [49,50]. Skin and oral swabs of Chiricahua leopard frogs brought
into quarantine at the Phoenix Zoo have revealed that a ranavirus occurs at several wild
sites in Arizona. Test results have been difficult to interpret, which is not unusual in captive
amphibians that have subclinical infections [42]. Further research is being conducted to
understand if and how ranaviruses affect Chiricahua leopard frogs. AZGFD is currently
funding research to investigate the prevalence and seasonal dynamics of ranaviruses
throughout the Chiricahua leopard frog range and to gain a better understanding of
susceptibility of Chiricahua leopard frogs to ranavirus infection.

9. Conclusions

The observed increase in Chiricahua leopard frog site occupancy and breeding since
2007, the presence of functioning metapopulations in several recovery units across Arizona,
and the control of bullfrogs in some key areas are significant benchmarks of our progress
in Chiricahua leopard frog conservation. Despite multiple partners being actively in-
volved in Chiricahua leopard frog management and progress made toward recovery of the
species, long-term persistence of the species in Arizona still requires intensive monitoring
and management.

The program described here demonstrates the substantive contributions zoos can make
in support of local species conservation. This program is one of numerous amphibian con-
servation programs with significant zoo and aquarium involvement (as reviewed in [51-55]).
Experts emphasize the need for amphibian programs developed and implemented in the
animals’ native range [52,56-58], which further encourages collaborations like the Chiric-
ahua leopard frog program in Arizona. Significant challenges remain, including disease
issues and habitat loss and degradation, but thoughtful, sustained partnerships are essential
to the success of local conservation efforts. Adaptive management based on research and
monitoring will continue to guide our efforts and hone our methods both in and ex situ.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/jzbg3040039 /51, Table S1: Survivorship of R. chiricahuensis from hatch to release/transfer, by
year and egg mass (EM); Table S2: Number of R. chiricahuensis released by year (egg
masses excluded).
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