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Abstract: The long-term sustainability of ex situ animal populations requires coordination across
facilities through cooperative breeding programs. Here, we investigate the reasons for inconsistent
reproductive success in the zoo-based North American Asian small-clawed otter (ASCO; Aonyx
cinereus) population. Reproductive viability analysis (RVA) was used to identify which characteristics
of ASCOs in breeding pairs were most predictive of reproductive success. The RVA identified
pair type, contraception history, and age as the most significant predictors of offspring production.
The use of deslorelin in males and long-term deslorelin use in females hinder future reproductive
potential and should, therefore, be considered carefully in genetically valuable individuals and
potential breeders. Moreover, genetically valuable animals should be paired with younger mates,
as advancing male and female age decreases the likelihood of success. The lack of reproductive
success observed after 1 year of attempted breeding among new pairs provides evidence of potential
mate incompatibility, therefore, population managers should consider splitting up pairs that remain
unsuccessful over time, because the likelihood of offspring production is low. Lastly, the inclusion
of dens and/or caves and pools designed with ample shallow water areas in ASCO habitats may
improve breeding success.

Keywords: reproductive viability analysis (RVA); Suprelorin; deslorelin; reversibility; habitat com-
plexity; mate incompatibility; breeding programs; zoo

1. Introduction

In order for facilities accredited by the Association of Zoos and Aquariums (AZA)
to support their mission-oriented goals, it is critically important to manage the animal
populations in their care for long-term sustainability [1,2]. This requires cooperation and
coordination across holding institutions to facilitate the genetic and demographic manage-
ment of these populations through breeding and transfer recommendations. Unfortunately,
despite ongoing efforts, some zoo-based animal populations are not considered sustainable,
i.e., they are not currently meeting their target genetic and demographic goals [3]. In
some cases, this is due to as-yet-unidentified factors leading to low and/or variable rates
of reproduction [4,5]. Identifying these factors has become a priority for many animal
programs in order to improve the reproductive outcomes from future breeding and transfer
recommendations. This study investigates the reasons for inconsistent reproductive success
in the Asian small-clawed otter (Aonyx cinereus) Species Survival Plan® (SSP) population,
managed among AZA facilities.

The Asian small-clawed otter (ASCO) is one of five otter species currently cared for in
AZA facilities and is native to the coastal swamps and wetlands of Southeast Asia, China,
Indonesia, and the Philippines [6–12]. The main physical traits of otters are their dense
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and waterproof fur, webbed feet, and long and sinuous bodies, which are adaptations to
living in rivers, lakes, wetlands, and/or marine environments. ASCOs are the smallest
otter species and are distinct from other otters in several ways, including their very short
claws, as well as dexterous fingers, which are beneficial when searching and foraging for
food [8].

Reproductive strategies also differ greatly across otter species. For example, North
American river otters (Lontra canadensis) are monestrous, seasonal breeders, are primar-
ily induced ovulators (yet capable of spontaneously ovulating), and experience delayed
implantation [13,14]. In contrast, ASCOs are polyestrous, non-seasonal breeders, and are
spontaneous ovulators, without delayed implantation [13,15]. There are few published
studies on wild ASCOs; thus, most of what is known about their reproduction comes from
studying otters in human care, as has been described in Reed-Smith et al., 2009. Briefly,
the estrous cycle in ASCO lasts approximately 30–37 days, with an estrus length of any-
where from 1 to 13 days [15]. While the onset of estrus does not appear to be stimulated
by any significant environmental cues, it may be associated with increased rubbing and
marking behaviors [12,15]. ASCOs form monogamous breeding pairs, and a bond must be
established for successful reproduction [15]. The male will pursue the female and court her
for 1–3 days [15]. The pair will often copulate in shallow water, but will occasionally do
so on land as well, and a single copulation generally lasts 5–25 min [12,15]. The gestation
period for ASCO is 60–74 days and, as the end of gestation approaches, both the male
and female will start building a nest [12,15]. In situ, these nests are often built by digging
burrows that end in a cave-like den in the muddy banks of the rivers where they live, with
the otters gathering dry grass, reeds and/or leaves for bedding materials [8]. In zoos, otters
will similarly gather available substrates to create their nests. The female will then give
birth to a litter of generally 1–7 pups [12,15]. Both the male and female take part in rearing
their offspring [15]. Older siblings also assist in raising pups; therefore, previous offspring
should be housed with their parents, though the presence of offspring can sometimes
interfere with copulation attempts [15]. Additionally, as the group size becomes too large
(relative to habitat space), aggression may increase as a result of over-crowding, at which
point it may be more beneficial to remove older offspring [15].

A growing ASCO population has been managed in North America since AZA facilities
began a zoo-based breeding program in the 1970s [16]. The population went through a
period of particularly rapid growth between 2004 and 2009, increasing from 125 to 206
animals. Without a similar increase in SSP program participation by new facilities, the
program began using the contraceptive implant Suprelorin® (deslorelin acetate) to manage
reproduction, as well as to control aggression, in both sexes. Suprelorin® is a GnRH agonist
with a short-term stimulatory phase, followed by the down-regulation of the hypothalamic–
pituitary–gonadal (HPG) axis, which results in reproductive suppression [17–19], but the
duration of efficacy can be highly variable. Given that reversal from deslorelin treatment
has been unpredictable, the complex social dynamics of ASCOs [15], and the reported lack
of institutional interest in holding this species [16], the demographic management of this
population has been more challenging in recent years.

The AZA Reproductive Management Center (RMC) developed reproductive viability
analysis (RVA) as a tool to identify factors that correlate with successful reproduction among
breeding pairs, with a focus on the inherent biological and reproductive characteristics of
each individual in a breeding pair, as well as the attributes of the pairs themselves [20]. The
RVA process identifies predictors of reproductive success based on the past performance
of breeding pairs in the population, using statistical modeling techniques that consider
multiple individual and breeding pair attributes simultaneously, in order to identify which
characteristics of animals in breeding pairs are most predictive of reproductive success.
Identifying these factors can inform population managers on best practices for population
management [20–22], leading to an improvement in genetic diversity and more stable
demographics over time [23].
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This study presents the results of an RVA for the ASCO population managed within
the AZA, identifying the factors that are driving reproductive success in this population
and are thus the most important to consider when making future breeding recommenda-
tions. We hypothesized that offspring production would decrease with advancing female
age, as has been previously documented for tigers (Panthera tigris) [22], red wolves (Canis
rufus) [24,25], fennec foxes (Vulpes zerda) [20,23], and, more recently, Tasmanian devils
(Sarcophilus harrisii) [21]. Given the need for the male and female to form a strong bond
prior to copulation, we also anticipated that established breeding pairs would have greater
reproductive success than new pairs. In addition, we hypothesized that environmental
factors may influence breeding success, as has been previously indicated for giant river
otters (Pteronura brasiliensis) [26]. Information on animal habitats is not traditionally in-
cluded in an RVA [20], but for the ASCO, information about habitats was also collected and
incorporated into a modified RVA in order to make recommendations for habitat design
that may improve breeding success. Lastly, as contraception has been commonly used in
this population, but reversal from treatment has reportedly been unpredictable, the time to
breeding success post-contraceptive treatment was also investigated.

2. Materials and Methods
2.1. Reproductive Viability Analysis (RVA)

A breeding and transfer plan (BTP) for the ASCO SSP has been published every
1–4 years since 2001, outlining which individuals are to breed, who they are to breed with,
and which individuals should not breed. The RVA utilized data from ten BTP periods
(2001–2019), across which there were 195 breeding attempts made among 32 facilities
within the AZA-managed ASCO population. Among the 195 breeding attempts, there were
88 unique pairings, made up of 61 male and 72 female individuals (Table 1). It should be
noted that some of these attempts may have been the result of interim recommendations
that were not captured in the BTPs, some pairs may not have been recommended to breed,
and some pairs were bred multiple times within a BTP period. Sarah Duncan is the current
program coordinator and studbook keeper for the ASCO SSP and was the primary contact
with AZA facilities to make interim breeding recommendations and collect information on
which breeding recommendations outlined in the BTPs were actually attempted.

Table 2 (attributes of pairs) and Table 3 (attributes of individuals) present the variables
used in the RVA, along with their definitions and data sources. The binary response variable
(“Success”) for the RVA models was the reproductive success (or failure) for each breeding
pair, based on whether offspring were produced (including stillborn offspring) prior to the
end of the breeding attempt. The length of the breeding attempt was calculated with the
best information available for a pair. For some pairs, mate access date information was
taken from the RMC’s contraception database or other animal records (e.g., SSP program
leader notes or a facility’s husbandry notes). However, in some cases, assumptions were
made regarding the start and end dates of breeding attempts. For example, a breeding
attempt could not start until both otters were at the breeding location, and a breeding
attempt ended if one of the otters was transferred away or died. In cases where the two
otters were already at the same location without a prior breeding recommendation, the
date of the first published BTP that included a recommendation for the pair to breed
was assigned as the start date if no other mate access information was available. For
experienced pairs (see “PairType”, Table 2) for which there was no indication of sepa-
ration or contraception used between litters, the previous parturition date was used for
the start date of the next breeding attempt. The start dates for breeding attempts were
also never assigned earlier than the anticipated expiration dates of contraceptives. In
those cases, a breeding attempt “started” when the contraceptive was either discontinued
(daily oral treatments) or removed (surgical removal of non-expired implants), or it was
on the anticipated expiration date based on the RMC’s recommended retreatment inter-
vals (implants: melengestrol acetate = 2 years, deslorelin acetate = 6 months (4.7 mg) or
12 months (9.4 mg), and injections: medroxyprogesterone acetate = 2 months). Breeding
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attempts that were still ongoing at the end of the study, which was determined as the
date the 2020 BTP was published, were assigned 23 September 2020 as their end date.
The elapsed time between the assumed start and end dates of the breeding attempts (or
birth of a litter) was the variable “AttemptTime”. The distributions of individual levels of
inbreeding for both males and females were zero-inflated: only 16 of 61 males (26.2%) and
26 of 72 females (36.1%) had non-zero inbreeding coefficients; therefore inbreeding was
treated as a binary variable (see “MHasInbreeding” and “FHasInbreeding”, Table 3).

Survival analysis was performed to investigate which variables may have affected the
probability of reproductive success over time. This statistical method was chosen in order
to control for the length of time of the breeding attempt. The analysis was performed in
SAS® Studio (Release: 3.8 (Enterprise Edition), Copyright © 2012–2018, SAS Institute Inc.,
Cary, NC, USA). Survival analysis involved the modeling of “time to event” data. In the
case of RVA, reproductive success is considered the “event”. For breeding pairs that are not
reproductively successful, the data become “censored” at the time the breeding attempt
ends. The time to reproductive success (i.e., the survival function) was modeled using the
Kaplan–Meier method (PROC LIFETEST). A separate survivor function was estimated
for each pair type, “New” and “Experienced” (see “PairType”, Table 2), and a chi-square
test was performed to test for the homogeneity of those survivor functions. “Carryover”
(N = 1) and “Unknown” (N = 4) pair types were excluded from the survival analyses.

Table 1. Sample sizes for the RVA and contraception reversal analyses, specifically for pair type,
inbreeding, and contraception variables.

Pair or Individual Condition
(B&T Plans 2001–2019)

Number of Breeding Attempts
(Unique Pairs)

Unique Individuals
(N Males.N Females)

Breeding attempts 195 (88) 133 (61.72)
Pair Type:
New pairs 84 (84) 124 (57.68)

Experienced pairs 106 (43) 81 (38.41)
Carryover pairs 1 (1) 2 (1.1)

Unknown 4 (4) 8 (4.4)
Non-Zero Inbreeding Coefficient (F):
Neither Male nor Female is Inbred 104 (47) 74 (34.40)

Male Only is Inbred 34 (12) 22 (11.11)
Female Only is Inbred 44 (22) 39 (20.19)

Both Male and Female are Inbred 13 (7) 14 (7.7)
Contraception History:

Neither Male nor Female Previously Contracepted 126 (51) 85 (43.42)
Male Only Previously Contracepted 4 (4) 8 (4.4)

Female Only Previously Contracepted 49 (26) 45 (22.23)
Both Male and Female Previously Contracepted 16 (10) 17 (7.10)

Contraceptive Types and Reversals:
Male—Not Yet Reversed (deslorelin only) 13 (13) * 22 (9.13)

Male—Not Yet Reversed (deslorelin + vasectomy) 1 (1) 1 (1.1)
Male—Already Reversed (any) 6 (3) 6 (3.3)

Female—Not Yet Reversed (MGA only) 12 (12) * 23 (12.11)
Female—Not Yet Reversed (deslorelin only) 17 (17) * 29 (14.15)

Female—Not Yet Reversed (other) 6 (6) 11 (5.6)
Female—Already Reversed (any) 30 (17) 33 (17.16)

Both Male and Female—Already Reversed 6 (3) 6 (3.3)
Male Not Yet Reversed and Female Already Reversed 0 (0) 0 (0.0)
Male Already Reversed and Female Not Yet Reversed 0 (0) 0 (0.0)

Neither Male nor Female Yet Reversed 10 (10) * 17 (7.10)

* Indicates which breeding attempts were used in the calculations for contraception reversal rates and time to
reversal.
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Table 2. Description of variables that were attributes of pairs used in the RVA with definition and
data source information.

Variable Name:
Attributes of Pairs Definitions Data Source

Success
“Yes” if the breeding attempt ended in the production

of offspring (live or stillborn); “No” if the breeding
attempt ended before producing offspring.

Studbook

AttemptTime The time between the assumed start and end dates of
the breeding attempt, in years.

Calculated field;
See Section 2

PairType

“New” if pair had the opportunity to breed together
for the first time; “Experienced” if the pair had a

previous opportunity together and they successfully
produced offspring; “Carryover” if the pair had a

previous opportunity together but had never
produced offspring; “Unknown” if pair type was

otherwise unknown.

Breeding and Transfer Plan;
Studbook; SSP coordinator

AtLocation

“Yes” if both the male and female in the pair were at
the same facility prior to the date the BTP was

published (or interim recommendation made); “No” if
one or both individuals had to be transferred to a new

facility to fulfill the breeding recommendation.

Breeding and Transfer Plan;
Studbook

IntSuccess5B

Has the facility successfully bred this species in the
five years prior to the published date of the BTP? “Yes”
if the facility has had success; “No” if the facility has

attempted to breed in the last 5 years without success;
“BR” if the facility has not had a recommendation or
attempted to breed in the last 5 years; “Unknown” if
prior institutional attempts to breed this species were

otherwise unknown.

Breeding and Transfer Plan;
Studbook

PairParity

“YY” if both individuals are parous; “YN” if male is
parous and female is nulliparous; “NY” if male is
nulliparous and female is parous; “NN” if both

individuals are nulliparous.

Studbook

DiffAge Absolute value of the difference in age between the
male and female, in years.

Calculated field;
requires individual age variables

Survival analyses were then run separately for new and experienced pairs, as some
of the factors of interest that may have affected the time to reproductive success were
confounded with PairType (i.e., AtLocation, IntSuccess5B, and PairParity). Additionally,
the factors that were most important in predicting reproductive success in a new pair
may have been very different to those for experienced pairs. For these analyses, a Cox
proportional hazards regression analysis was performed (PROC PHREG) to account for the
effects of both quantitative and categorical factors on the “time to event” model. Initially, the
data were analyzed using a full model (i.e., including all the variables from Tables 2 and 3).
However, in order to increase the statistical power within the survival analyses, additional
statistical analyses (described below) were used to provide insight into which factors
explained the greatest amount of variability in reproductive success among pairs to justify
variable reduction. The final survival analysis models were then reduced to include fewer
factors informed by those analyses. When these reduced models were used, the fit of
the Cox proportional hazards regression analysis models improved; however, the overall
results of the survival analysis did not change. It should be noted that individuals and
pairs of otters may appear more than once in the datasets for new and experienced pairs,
respectively; therefore, there was some lack of independence in breeding attempts that was
not accounted for within the survival analysis (Table 1).
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Table 3. Description of variables that are attributes of individuals used in the RVA with definitions
and data source information.

Variable Name:
Attributes of
Individuals

Definitions Data Source

MAge Male’s age at the time the breeding
attempt started, in years.

Calculated field; requires the breeding attempt
start date and the male’s date of birth

FAge Female’s age at the time the breeding
attempt started, in years.

Calculated field; requires the breeding attempt
start date and the female’s date of birth

MHasInbreeding

“Yes” if the male has a non-zero
inbreeding coefficient;

“No” if the male has an inbreeding
coefficient of zero.

PMx [27]

FHasInbreeding

“Yes” if the female has a non-zero
inbreeding coefficient;

“No” if the female has an inbreeding
coefficient of zero.

PMx [27]

MContraceptW
PriorReversal

“Yes” if the male was contracepted in the
past but reversed prior to the current

breeding recommendation; “No” if the
male was contracepted in the past, but

had never successfully produced
offspring after treatment; “NC” if the

male had never been contracepted

RMC’s contraception
database

FContraceptW
PriorReversal

“Yes” if the female was contracepted in
the past but reversed prior to the current
breeding recommendation; “No” if the

female was contracepted in the past, but
had never successfully produced

offspring after treatment; “NC” if the
female had never been contracepted

RMC’s contraception
database

Chi-square tests of association were performed for all categorical variables, specifically
to investigate the association between the different levels of each factor and reproductive
success. t-tests were used to investigate possible differences in the mean ages of individuals
in successful vs. unsuccessful pairs, as well as the mean age difference between males
and females in successful vs. unsuccessful pairs. Prior to running the t-tests, the age
variables were examined for normality. It should be noted that the distribution of the
age difference between the male and female (calculated variable: DiffAge) was positively
skewed; therefore, results from a t-test may not be valid. In addition, these tests do not
control for any confounding variables, nor do they control for the length of time of the
breeding attempt; therefore, these results were primarily used for variable reduction of the
survival analysis models.

Conditional random forest (CRF) analyses and least absolute shrinkage and selection
operator (LASSO) logistic regression analyses were also used to provide additional insight
into which factors explained the greatest amount of variability in reproductive success
among pairs (see Bauman et al., 2019 for a detailed description of CRF and LASSO re-
gression techniques for RVA within R). All variables listed in Tables 2 and 3, excluding
AttemptTime, were included in the CRF and LASSO models for new pairs. The models for
experienced pairs also excluded AtLocation, IntSuccess5B, and PairParity due to a lack of
variability in those factors among this pair type. For both CRF and LASSO, 1000 iterations
of the models were run for each pair type. The performance of each iteration was measured
using the area under the receiver operating characteristic curve (AUC): AUC values range
from 0 to 1, with a value of 0.5 expected as being the same as random chance and values
close to 1 representing high accuracy in predicting outcomes [28].
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2.2. Contraception Use and Reversals

Of the 195 ASCO breeding pairs in the RVA, there were 69 pairs in which either
the female only (N = 49), the male only (N = 4), or both individuals (N = 16) had a
prior history of contraceptive treatment for either reproductive suppression or behavioral
aggression (Table 1). The contraceptives used in females included melengestrol acetate
(MGA) implants, deslorelin (Suprelorin®) implants, medroxyprogesterone acetate (Depo-
Provera®) injections, oral megestrol acetate (Ovaban® or Megace®), or a combination of
methods. The contraception methods used in males included deslorelin implants only or
deslorelin plus reversible vasectomy.

Contraception reversal was defined as producing offspring (live or stillborn) for the
first time post-contraceptive treatment. The reversal rates for MGA and deslorelin implants
were calculated based on the number of reversals out of the total number of breeding
attempts with the potential to end in a reversal (Table 1). Only breeding attempts with
females who were treated with MGA implants only (N = 12 pairs, 11 unique females not
yet reversed from treatment) and deslorelin only (N = 17 pairs, 15 unique females not
yet reversed from treatment) were analyzed, as all other cases involved a combination of
contraceptive products (N = 6 pairs, in various combinations). Only breeding attempts with
males who were treated with deslorelin only, who had not yet reversed since treatment
(N = 13 pairs, 9 unique males) were analyzed; only a single male was treated with both
deslorelin and a reversible vasectomy.

Survival analysis (also performed within SAS®) was used to investigate the probability
of contraceptive reversal over time. In this case, contraceptive reversal is considered the
“event”. For breeding pairs that were not reproductively successful, the data become
“censored” at the time the breeding attempt ends, as it is possible the individual may still
reverse, given more time. The time to “event” or “censor” was the amount of time between
the contraception stop date (as described previously) and “event” or “censor”, regardless
of whether or not mate access began immediately post-contraception. The time to reversal
was modeled using the Kaplan–Meier method (PROC LIFETEST). For females, a separate
survivor function was estimated for each implant type (i.e., MGA and deslorelin) and a
chi-square test for the homogeneity of survivor functions was performed. The number of
successive treatments and the animal’s age at the start of the breeding attempt were also
included as covariates and tested for any association with contraception reversal. Survival
analyses were then run separately for MGA and deslorelin implants. Separate survivor
functions were estimated for each implant type for cases in which implants were removed
vs. cases in which expired implants were left in place. Chi-square tests for the homogeneity
of the resulting survivor functions were performed.

2.3. Habitat Complexity and Dimensions Surveys

Two surveys were distributed to ASCO SSP facilities with data included in the RVA
(N = 32) in an attempt to understand how habitat complexity (e.g., substrates and features),
design, and size (e.g., land and water dimensions) may also influence breeding success.
Initial habitat survey questions were generated based on pre-study discussions with S.
Duncan (SSP program coordinator). Twenty-four facilities completed the initial habitat
survey in 2016 (Supplementary File S1), which asked facilities to indicate all of the substrates
their main ASCO habitat had (from a list of 11 substrates: grass, mulch, sand, clay, soil,
rocks, boulders, pebbles, leaves, concrete, and gunite), and all of the features present in the
habitat (from a list of 16 features: den(s), cave(s), climbing structure(s), bushes, deadfall,
hollow log(s), trees, tree and root systems, waterfall(s), floating log pile(s), rafts, island(s),
varied levels, sleeping places, live plants, and nest boxes). The follow-up survey in 2019
(Supplementary File S2), completed by 30 facilities, asked the facilities to provide counts
and specific dimensions for both the land and water areas of all of the living spaces to
which the ASCOs had access. The dimensions provided by the facility (via the survey;
see Supplementary File S2) were used to calculate our best estimates of the area (m2) of
the largest living space/habitat, land-to-water ratio of the largest living space/habitat,
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maximum depth of the deepest pool (m), as well as the area (m2) and the volume (liters) of
the largest pool. The follow-up survey also asked for the pool entry type (i.e., gradient, step,
or drop-off) and the habitat type (i.e., mixed species and/or rotational exhibit). Twenty-
three of the thirty-two facilities completed both habitat surveys.

Many of the habitat variables generated from the habitat surveys (e.g., substrates
and features) were confounded with one another (e.g., the feature “live plants” was most
often also present with the feature “trees”). Therefore, in order to investigate any possible
associations between ASCO habitat components and reproductive success, we first used
principal component analysis (PCA) to develop a subset of habitat factors that explained
the majority of the variation in habitat complexity and size that could then be used as
independent factors in other analyses. Habitat substrates or features that were not present
and/or absent at five or more facilities (i.e., minimum N = 5) were not included in the PCA
(i.e., clay, rocks, climbing structure(s), rafts, island(s), sleeping places, and nest boxes). For
the PCA, the presence of a substrate or feature was indicated by a “1” and absence was
indicated by a “0”. Additionally, if the total number of substrates in a habitat was >6, then
it was scored “1”, else “0”; if the total number of features was >8, it was scored “1”, else “0”;
if the facility had >1 pool over 0.61 m deep, it was scored “1”, else “0”; and if the facility
had >3 living areas for ASCOs, then it was scored “1”, else “0”. These conversions were
performed by grouping based on natural gaps in the data set. The quantitative variables
calculated from the habitat dimensions survey were also converted into binary variables
prior to PCA due to the lack of normality in the distribution of these variables, which
quite often had a bimodal distribution, eliminating data transformation as an option. If
the maximum depth of the deepest pool was >1.25 m, then it was scored “1”, else “0”; if
the volume of the largest pool was >20,000 L, then it was scored “1”, else “0”; if the area of
the largest pool was >20 m2, then it was scored “1”, else “0”; if the largest living area was
>55 m2, then it was scored “1”, else “0”; and if the land-to-water ratio of the largest living
area was >3 (more than 75% of the habitat is land), then it was scored “1”, else “0”.

PCA was performed 7 times, grouping habitat components by (1) substrates, (2) water
features, (3) dens/caves, (4) habitat type, (5) plants, (6) habitat complexity, and (7) size,
in order to create independent factors that would have meaningful interpretations, since
our goal was to provide recommendations for habitat modifications that might improve
reproductive success. The eigenvalue is a measure of how much of the variance of the
observed variables a principle component (PC) explains. Any PC with an eigenvalue of
≥1 explains more variance than a single observed variable. Therefore, PCs with eigenvalues
of ≥1 were retained as habitat factors and the factor patterns, or loadings, were examined
for interpretation. The PC scores for each habitat factor for each facility were then appended
to the breeding pair dataset so they could also be included in the RVA. Not all facilities
with breeding pairs included in the initial RVA completed both habitat surveys (only 23
of 32 facilities); therefore, not all facilities had PC scores for every habitat factor. Breeding
pairs without PC scores for any habitat factors had to be excluded from the modified RVA,
thus reducing the size of the dataset for the modified RVA to 157 breeding attempts (from
the original 195). Chi-square tests of association were performed for all categorical habitat
variables, specifically to investigate the association between the different levels of each
factor and reproductive success. Similarly, t-tests were used to compare quantitative habitat
variables and PC scores between successful and unsuccessful pairs. The CRF, LASSO
regression, and survival analysis (reduced model only) were also repeated as described
above, with the addition of the retained habitat factors as explanatory variables, using the
modified dataset.
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3. Results

Of the 195 breeding attempts made during the ten BTP periods between 2001 and 2019,
110 attempts (56.4%) successfully resulted in offspring (live or stillborn).

3.1. Variable Reduction Analyses
3.1.1. Chi-Square Tests of Association

Among new pairs, there was a significant association between male contraception
history (i.e., MContraceptWPriorReversal) and reproductive success (X2 = 8.44, p = 0.0037);
59.2% of new pairs in which the male had no prior history of contraceptive use were
successful (N = 42/71), whereas only 15.4% of new pairs in which the male was previously
contracepted (and had yet to produce offspring post-treatment) were successful (N = 2/13).
There were no new pairs in which the male had already reversed from prior contraception
use. No other associations between breeding pair characteristics and breeding success were
identified by the chi-square tests for new pairs.

Among experienced pairs, we found a significant association between female con-
traception history and reproductive success (X2 = 6.35, p = 0.0417). Experienced pairs in
which the female had no prior history of contraceptive use were successful 68.0% of the
time (N = 51/75) compared with only 41.9% of experienced pairs in which the female was
previously contracepted (N = 13/31). A significant association was also found between
individual levels of inbreeding in females (i.e., FHasInbreeding) and success, such that hav-
ing any level of inbreeding (F > 0) was associated with less reproductive success (X2 = 3.84,
p = 0.0499).

3.1.2. t-Tests

There were no significant differences observed between successful and unsuccessful
new pairs for any of the age-related variables. However, there was a trend for male
age, such that males in successful pairs were younger, on average, at the start of the
breeding attempt as compared with males in unsuccessful pairs, 6.9 ± 3.7 years old vs.
8.4 ± 4.2 years old, respectively (t = 1.78, p = 0.0782). Among experienced pairs, females in
successful pairs were younger, on average, at the start of the breeding attempt compared
with females in unsuccessful pairs, 6.7 ± 2.5 years old vs. 7.8 ± 3.2 years old, respectively
(t = 2.08, p = 0.0395). There was a similar trend for male age, 7.3 ± 3.7 years old vs.
8.6 ± 4.1 years old, for successful and unsuccessful experienced pairs, respectively (t = 1.72,
p = 0.0881). When new and experienced pairs were pooled into a single data set, the
trend observed between male age and reproductive success became statistically significant
(t = 2.44, p = 0.0154).

3.1.3. Conditional Random Forest (CRF)

On average, the CRF models for both new and experienced pairs were considered
“poor”, as the average AUCs were 0.61 and 0.60, respectively [29]. Only variable importance
scores for iterations with an AUC > 0.7 (considered “acceptable”) were used to identify
which factors may be most important in predicting the success of ASCO breeding pairs.
For experienced pairs, the acceptable CRF models (n = 148 iterations) indicated that female
contraception history, female age, male age, and a female’s individual level of inbreeding
were predictive of reproductive success (Figure 1A). For new pairs (n = 195 iterations),
only male age and male contraception history were predictive of reproductive success
(Figure 1B).
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Figure 1. Average variable importance scores for predicting reproductive success across iterations
(ranked “acceptable” or higher) for the conditional random forest models in (A) experienced and
(B) new ASCO breeding pairs.

3.1.4. LASSO Regression Analyses

Similar to CRF, the LASSO regression models would be considered “poor”, as the av-
erage AUCs were 0.57 and 0.58 for new and experienced pairs, respectively [29]. Therefore,
only regression coefficients for iterations with AUC > 0.7 (considered “acceptable”) were
evaluated for their relationship with the reproductive success of ASCO breeding pairs. The
proportion of acceptable iterations in which each variable included in the RVA had a non-
zero regression coefficient are presented in Tables 4 and 5 for new and experienced pairs,
respectively. Variables that were found to be significantly associated with reproductive
success in at least 20% of iterations (in any combination) for new pairs included female age,
male age, the age difference between the two individuals, and the male’s contraception
history (Table 4). Likewise, the variables significantly associated with reproductive success
among experienced pairs included female age, male age, the female’s individual level of
inbreeding, and the female’s contraception history (Table 5).
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Table 4. Average LASSO regression coefficients resulting from iterations for new pairs with AUC > 0.7
(N = 44). Bold text indicates variables (or variable levels) that were either positively or negatively
associated with reproductive success, relative to the reference level (with 95% confidence), and with
non-zero coefficients in greater than 20% of iterations.

Variable: Level
Percentage of

Non-Zero
Coefficients (%)

Average
Effect/Regression

Coefficient

SD of
Non-Zero

Coefficients

Lower 95%
CL

Upper 95%
CL

AtLocation: Yes (vs. No) 0.0 - - - -
IntSuccess5B: Yes (vs. No) 0.0 - - - -
IntSuccess5B: BR (vs. No) 0.0 - - - -

IntSuccess5B: Unknown (vs. No) 2.3 0.14 - - -
PairParity: YY (vs. NN) 0.0 - - - -
PairParity: NY (vs. NN) 0.0 - - - -
PairParity: YN (vs. NN) 2.3 −0.03 - - -

FAge (Female Age) 27.3 −0.19 0.15 −0.27 −0.11
MAge (Male Age) 65.9 −0.17 0.12 −0.22 −0.13

DiffAge (|FAge − Mage|) 25.0 −0.15 0.10 −0.22 −0.10
FHasInbreeding: Yes (vs. No) 0.0 - - - -
MHasInbreeding: Yes (vs. No) 0.0 - - - -
MContraceptWPriorReversal:

NC (vs. No) 68.2 0.33 0.23 0.25 0.42

FContraceptWPriorReversal:
NC (vs. No) 2.3 0.51 - - -

FContraceptWPriorReversal:
Yes (vs. No) 0.0 - - - -

AUC of ROC 0.74 0.05

Table 5. Average LASSO regression coefficients resulting from iterations for experienced pairs with
AUC > 0.7 (N = 72). Bold text indicates variables (or variable levels) that were either positively or
negatively associated with reproductive success, relative to the reference level (with 95% confidence),
and with non-zero coefficients in greater than 20% of iterations.

Variable: Level
Percentage of

Non-Zero
Coefficients (%)

Average
Effect/Regression

Coefficient

SD of
Non-Zero

Coefficients

Lower 95%
CL

Upper 95%
CL

FAge (Female Age) 26.4 −0.18 0.17 −0.26 −0.11
MAge (Male Age) 73.6 −0.17 0.20 −0.22 −0.11

DiffAge (|FAge − MAge|) 9.7 0.25 0.21 0.09 0.41
FHasInbreeding: Yes (vs. No) 31.9 −0.31 0.26 −0.42 −0.20
MHasInbreeding: Yes (vs. No) 2.8 0.11 0.10 −0.02 0.24
MContraceptWPriorReversal:

NC (vs. No) 1.4 −0.02 - - -

FContraceptWPriorReversal:
NC (vs. No) 83.3 0.20 0.14 0.17 0.24

FContraceptWPriorReversal:
Yes (vs. No) 8.3 −0.36 0.28 −0.58 −0.13

AUC of ROC 0.74 0.04

For both pair types, increasing male and female age was associated with a decrease in
breeding success. A larger age difference between the male and female was also associated
with a decrease in breeding success among new pairs. Lastly, new pairs in which the male
had never been contracepted had a higher probability of reproductive success than pairs
in which the male was previously contracepted, but was yet to produce offspring post-
treatment. Among experienced pairs, a decrease in breeding success was associated with
any level of inbreeding in the female. Additionally, experienced pairs in which the female
had previously been contracepted, but had not yet produced offspring post-treatment,
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had lower breeding success compared with pairs in which the female had no history of
contraception use.

3.2. Reproductive Viability Analysis (RVA)
3.2.1. Survival Analyses—Full Models

The survival functions for new and experienced pairs were significantly different
(X2 = 10.48, p = 0.0012); thus, the probability of reproductive success after a given amount of
time (i.e., breeding attempt time) was different depending on whether the pair was new or
experienced (Figure 2). After 6 months together, approximately 23.7% of experienced pairs
had repeat success, and 21.5% of new pairs produced offspring together for the first time.
After 1 year together, only 45.1% of new pairs were successful, yet 69.1% of experienced
pairs produced additional offspring. This disparity became even larger after 2 years of
attempted breeding: only 49.8% of new pairs had success vs. 79% of experienced pairs.
The average breeding attempt time (±SD) to reproductive success among experienced
pairs that produced offspring was 0.62 ± 0.3 years (compared with 0.97 ± 0.8 years for
unsuccessful experienced pairs). The average time to reproductive success among new
pairs that were successful was 0.81 ± 0.8 years, which was not significantly different from
that of experienced pairs, but unsuccessful new pairs were left together for 2.39 ± 1.5 years
on average, without ever producing offspring, which was significantly longer than that of
the other groups (F6,188 = 19.73, p < 0.0001).
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Figure 2. Probability of reproductive success (i.e., live or stillbirth offspring produced) over time
for ASCO breeding pairs by pair type. Error bars indicate the 95% confidence intervals around the
probability estimates. Experienced pairs had a significantly higher likelihood of reproductive success
than new pairs, particularly after one year of attempted breeding (X2 = 10.48, p = 0.0012).

For new pairs, survival analysis indicated that male contraception history was the only
variable that significantly affected the probability of breeding success over time (X2 = 5.95,
p = 0.0147). Pairs in which the male had a prior history of contraceptive use (without prior
reversal) had a significantly lower probability of breeding success over time compared
with pairs in which the male had never been treated (Figure 3). In contrast, male age was
the only variable that significantly affected the probability of breeding success over time
among experienced pairs (X2 = 4.03, p = 0.0447), such that as the male’s age at the start of the
breeding attempt increased, the probability of reproductive success of the pair decreased.
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Figure 3. Probability of reproductive success (i.e., live or stillbirth offspring produced) for new ASCO
breeding pairs over time. Error bars indicate the 95% confidence intervals around the probability esti-
mates. Pairs in which the male had never been previously treated with deslorelin had a significantly
higher likelihood of reproductive success than pairs in which the male had been previously treated
with deslorelin (X2 = 5.95, p = 0.0147).

3.2.2. Survival Analyses—Reduced Models

In order to increase our statistical power within the Cox proportional hazards regres-
sion analysis, the results from the chi-square tests of association and t-tests, as well as the
CRF and LASSO regression analyses (summarized in Table 6), were used to select a subset
of variables to include in the final survival function models. The reduced model for new
pairs included female age, male age, the age difference between the male and female, and
male contraceptive history. The reduced model for experienced pairs included female age,
male age, the age difference between the male and female, female contraceptive history,
and whether or not the female had a non-zero inbreeding coefficient. Though the overall fit
of the survival analysis models improved, the conclusions remained the same as those of
the full models: the only significant factors affecting reproductive success over time among
new and experienced pairs were male contraception history and male age, respectively
(X2 = 5.67, p = 0.0173 and X2 = 6.15, p = 0.0131, respectively).

Table 6. Factors significantly associated with breeding success among new and experienced ASCO
breeding pairs across various analyses. Statistical significance was declared where p < 0.05.

RVA Results: Factors Associated with Breeding Success

New Pairs Experienced Pairs

Chi-square Test of Association
or t-Test

Male Contraception History
Male Age (Trend)

Female Contraception History
Female Inbreeding

Female Age
Male Age (Trend)

Conditional Random
Forest Models

(in order of importance)

Male Age
Male Contraception History

Female Contraception History
Female Age

Female Inbreeding
Male Age

LASSO Regression Models

Male Contraception History
Male Age

Female Age
Age Difference

Female Contraception History
Female Inbreeding

Female Age
Male Age

Survival Analysis—Full Models Male Contraception History Male Age
Survival Analysis—Reduced Models Male Contraception History Male Age
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3.3. Contraception Use and Reversals

When looking at ASCO females who were contracepted with MGA or deslorelin
implants only, the contraception reversal rates were 54.5% (N = 6/11) and 53.3% (N = 8/15),
respectively (Table 7). Among only the animals that reversed, the median time (±SE) to re-
versal post-MGA implant treatment (based on the survival function) was 1.95 ± 0.73 years
(minimum 0.50 years) and the median time to reversal post-deslorelin treatment was
2.05 ± 0.29 years (minimum 0.82 years). This difference in time to reversal between the
two implant types was not statistically significant.

Table 7. Contraception reversal rates for ASCO treated with MGA implants (females) and deslorelin
implants (females and males) only, by number of successive treatments (i.e., implants) and implant
removal.

Contraception
(BTPs 2001–2019)

Without Prior Reversal Only
N Pairs % Successful (N

Pairs)
N

Individuals
% Successful

(N Individuals)

Females MGA only
(# of treatments): 12 50.00% (6) 11 54.54% (6)

1 9 55.56% (5) 8 62.50% (5)
2 2 50.00% (1) 2 50.00% (1)
3 1 0% (0) 1 0% (0)

Females MGA only
(implant removal):
Implant removed 10 50.00% (5) 9 55.55% (5)

Implant unremoved/expired 2 50.00% (1) 2 50.00% (1)
Females deslorelin only

(# of treatments): 17 47.06% (8) 15 53.33% (8)

1 7 71.43% (5) 6 83.33% (5)
2 3 33.33% (1) 2 50.00% (1)
3 4 25.00% (1) 4 25.00% (1)
4 0 NA 0 NA
5 0 NA 0 NA
6 0 NA 0 NA
7 1 0% (0) 1 0% (0)
8 1 100.0% (1) 1 100.0% (1)
9 1 0% (0) 1 0% (0)

Females deslorelin only
(implant removal):
Implant removed 5 60.00% (3) 5 60.00% (3)

Implant unremoved/unknown 12 41.67% (5) 10 50.00% (5)
Males deslorelin only

(# of treatments): 13 23.08% (3) 9 33.33% (3)

1 5 20.00% (1) 3 33.33% (1)
2 5 40.00% (2) 3 60.00% (2)
4 2 0.00% (0) 2 0.00% (0)
9 1 0.00% (0) 1 0.00% (0)

Males deslorelin only
(implant removal):
Implant removed 2 0.00% (0) 1 * 0.00% (0)

Implant unremoved/unknown 11 27.27% (3) 9 33.33% (3)

* One male attempted to breed both before and after implant removal.

The number of successive deslorelin implant treatments in females was significantly
associated with time to reversal, such that more successive treatments prior to attempted
breeding were associated with a longer time to reversal (X2 = 4.33, p = 0.0375, Figure 4A).
Additionally, deslorelin implant removal was also significantly associated with time to
reversal: the removal of the implant(s) significantly reduced the time to reversal (X2 = 5.32,
p = 0.0210, Figure 4B). In contrast, there was no association between the number of succes-
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sive implants nor implant removal and the time to reversal for females treated with MGA
implants. However, the number of animals who received multiple MGA implants and the
number of individuals who never had their MGA implants removed were small; therefore,
the ability to detect these potential effects was limited (see Table 7). A female’s age at the
start of the breeding attempt was not significantly associated with time to reversal for either
contraceptive implant type.
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Figure 4. Probability of contraception reversal (i.e., reproductive success) over time after contracep-
tion stop date (implant removal or anticipated expiration date) for ASCO females following deslorelin
implant treatment(s). (A) Females treated with successive deslorelin implants prior to attempted
breeding had increased time to reversal (X2 = 4.33, p = 0.0375). Survival curves presented are for cases
in which implants were not removed. (B) Removal of the implant(s) significantly decreased time to
reversal (X2 = 5.32, p = 0.0210). Survival curves presented are for cases in which females were treated
with two deslorelin implants in succession preceding their breeding opportunity.

Among males, the contraception reversal rate post-deslorelin treatment was 33.3%
(N = 3/9, Table 7) and the median time (±SE) to reversal was 2.40 ± 0.99 years (based on the
survival function, minimum 0.84 years). The male’s age at the start of the breeding attempt,
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the number of deslorelin implant treatments, and implant removal were not associated
with time to reversal.

3.4. Habitat Complexity and Dimensions Surveys
3.4.1. Dimensionality Reduction Using Principal Component Analyses

Table 8 details which habitat components were included in each PCA, the final number
of habitat factors generated by each, the names and general interpretation of each new
factor, and the percentage of total variation in those habitat components (e.g., substrates,
features, etc.) explained by the retained habitat factors.

Table 8. Habitat components included in each PCA, the final number of habitat factors generated
by each (number of PCs with eigenvalues ≥ 1), names and general description for each new factor,
and the percentage of total variation in those habitat components explained by the retained habitat
factors.

PCA
Habitat

Components
Included

Number of PCs
with

Eigenvalues ≥ 1
Factor Name Description

Cumulative
Variation

Explained by
Retained

Habitat Factors

1: Substrates
Grass, mulch, sand, soil,

boulders, pebbles, leaves,
concrete,
gunite

3
Substrates1 Natural/softer substrates vs.

unnatural/harder substrates
60.51%Substrates2 Use of concrete vs. gunite

Substrates3 Generally distinguishes between stone
sizes (i.e., boulders vs. pebbles)

2: Water
Features

Gradient pool
entry, step pool

entry, drop-off pool entry,
waterfall(s), floating log piles

2
Water1

Generally differentiated pools in
habitats by entry type, in particular step vs.

gradient entry 66.98%

Water2
Distinguishes habitats by pool entry type:
gradient vs. drop-off pool entry, as well as
presence vs. absence of floating log piles

3: Dens and Caves Dens, caves 1 Dens 1 Presence vs. absence of dens and/or caves 52.65%

4: Habitat Type
Mixed-species

habitat, rotational
exhibit

1 HabitatType1

Indicates habitats that are mixed
species and/or rotational exhibits vs.
habitats that are dedicated spaces for

ASCO only

52.65%

5: Plants
Bushes, deadfall,

hollow logs, trees, tree and
root

systems, live plants

3
Plants1

Typified by the presence or absence of live
plants (including bushes), trees, and tree

and root systems 84.56%
Plants2 Presence vs. absence of bushes
Plants3 Presence vs. absence of hollow logs

6: Habitat
Complexity

>6 substrates,
>8 features,

varied levels,
pools over 0.61 m deep >1,

living areas >3

3
Complexity1 Overall number of substrates and features

present in the habitat (more vs. fewer)
81.93%

Complexity2 Number of pools and living areas the
ASCOs had access to (several vs. few)

Complexity3 Presence vs. absence of varied levels
within the habitat

7: Habitat Size
Deepest pool >1.25 m deep,

largest pool >20,000 L,
largest pool >20 m2,

largest living area >55 m2,
land-to-water ratio >3

2
Dimensions1

Size of the deepest and/or largest pool
indicating larger, deeper pools vs. smaller,

shallower pools 79.24%

Dimensions2
Size of the overall habitat, smaller

vs. larger living areas

3.4.2. Influence of Habitats on Breeding Success

When investigating the association between reproductive success and each habitat
variable separately (without consideration of other factors), the only factor that was found
to be predictive of reproductive success among new ASCO pairs was the type of entry
into the pool, more specifically pool entries with steps (Table 9). New pairs in habitats
with step pool entry types were less likely to be successful than pairs in habitats with
gradient and/or drop-off pool entry types (33.3% successful, N = 7/21 vs. 59.6% successful,
N = 28/47, respectively, X2 = 4.00, p = 0.0455). Among experienced pairs, the presence
of sand substrate (vs. absence) was associated with greater reproductive success (76.9%
successful, N = 30/39 vs. 52.0% successful, N = 26/50, respectively, X2 = 5.83, p = 0.0157),
the presence (vs. absence) of floating log piles in the habitat was negatively associated
with reproductive success (42.11% successful, N = 8/19 vs. 68.6% successful, N = 48/70,
respectively, X2 = 4.49, p = 0.0342), and successful pairs had access to more pools over
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0.61 m deep, on average compared with unsuccessful pairs (t = −2.01, p = 0.0476). There
were no significant differences in the mean PC scores between successful and unsuccessful
pairs, new or experienced, for any of the habitat factors identified via PCA. However,
among new pairs, there were trends between PC scores for the Water1 and Dens1 habitat
factors and pair success. The PC scores for Water1 tended to be lower on average among
successful pairs (mean PC score = −0.45) compared with unsuccessful pairs (mean PC
score = 0.08, t = 1.63, p = 0.108). Low PC scores for Water1 were associated with a gra-
dient pool entry type, and higher PC scores were associated with a step pool entry type.
The PC scores for Dens1 tended to be higher on average among successful pairs (mean
PC score = 0.15) compared with unsuccessful pairs (mean PC score = −0.24, t = −1.69,
p = 0.0946). Higher PC scores for Dens1 were associated with the presence of dens and/or
caves, and lower PC scores were associated with the absence of dens and/or caves.

Table 9. Factors significantly associated with breeding success among new and experienced ASCO
breeding pairs based on different analyses when using the modified RVA dataset (reduced N) and
after the incorporation of habitat factors into the analyses (where applicable). Statistical significance
was declared where p < 0.05.

Modified RVA Results: Factors Associated with Breeding
Success

New Pairs Experienced Pairs

Chi-square Test of
Association

or t-Test

Step Pool Entry
Water1 (Trend)
Dens1 (Trend)

Male Contraception History

Sand substrate
Floating Log Piles

Pools Over 0.61 m Deep
Female Contraception History

Female Inbreeding
Female Age
Male Age

Conditional Random
Forest Models

(in order of
importance)

Male Contraception History
Age Difference

Male Age
Dens1
Water1

AtLocation

Female Age
Male Age

Female Contraception History
Female Inbreeding

LASSO Regression
Models Plants1 -

Survival Analysis—
Reduced Models

Male Contraception History
Water2
Plants1

Female Age
Water1

HabitatType1

When the CRF analysis was repeated to include the habitat factors retained after PCA,
the factors identified as most predictive of reproductive success among experienced pairs
did not change overall; however, their order of importance changed (Table 9). Similarly, the
factors previously identified as important for predicting success among new pairs were
still found to be significant, but four additional factors were also identified as important,
including the age difference between the male and female, the presence/absence of dens
and/or caves (Dens1), gradient vs. step pool entry type (Water1), and whether or not either
the male or female (or both individuals) had to be moved between facilities to fulfill the
breeding attempt.

When the habitat factors retained after PCA were added to the LASSO regression
models, very few models were found to be acceptable or predictive of reproductive success
(AUC > 0.7): 34 of 1000 models for new pairs and 14 of 1000 models for experienced
pairs; therefore, the results should be interpreted with extreme caution. Based on only the
models considered acceptable, using the same criteria as before (i.e., either positively or
negatively associated, relative to the reference level, with 95% confidence, and had non-zero
coefficients in greater than 20% of iterations), none of the original variables identified as
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predictive of reproductive success for both new and experienced pairs were found to be
significant (Table 9). However, for new pairs, one habitat factor was identified as predictive
of reproductive success: Plants1. Higher reproductive success was associated with lower
PC scores for Plants1. Low PC scores for Plants1 were associated with a lack of live plants,
trees, and tree and root systems in the habitat. No other factors met all criteria to be
considered significant predictors of reproductive success.

In addition to the decrease in reproductive success among new pairs associated with
contraception use in males (X2 = 7.15, p = 0.0075), two of the habitat factors, Water2 and
Plants1, were also found to be significant when the length of the breeding attempt was
accounted for (survival analysis). Higher PC scores for Water2 were associated with a
higher probability of reproductive success, suggesting that a gradient pool entry (vs. a
drop-off) and the presence of floating log piles positively influenced breeding success
in new pairs (X2 = 5.89, p = 0.0152), and, in agreement with the LASSO results, higher
reproductive success was associated with lower PC scores for Plants1, suggesting a negative
influence of live plants, trees, and tree and root systems in the habitat on success among
new pairs (X2 = 6.07, p = 0.0138). Among experienced pairs, in contrast with the survival
analysis for the original/larger RVA dataset, it was female age, not male age, that was
found to be associated with the probability of successful reproduction over time in the
reduced dataset, but similar to male age, increasing female age decreased the probability
of reproductive success (X2 = 5.92, p = 0.0149). Two additional habitat factors were also
found to be significantly associated with breeding success: Water1 and HabitatType1,
suggesting that a step pool entry type (vs. gradient) decreased breeding success (X2 = 4.70,
p = 0.0302) and that experienced pairs housed in mixed species or rotational exhibitshave a
lower likelihood of success than experienced pairs in a species-dedicated habitat (X2 = 4.15,
p = 0.0416).

All the factors significantly associated with breeding success among new and expe-
rienced ASCO breeding pairs based on the different analyses when using the modified
RVA dataset (reduced N) and after the incorporation of habitat factors into the analyses
(where applicable) are summarized in Table 9. Male contraception history continued to
stand out as a consistent predictor of reproductive success among new pairs, even when
considering possible influences of the habitat. It appears that the most important aspects of
the habitat to consider for new breeding pairs are the pool entry type, live plant features,
and dens/caves, based on these factors appearing multiple times across different analyses.
The presence of a step pool entry type, the presence of live plants, trees, and tree and root
systems, and the absence of dens and/or caves may hinder reproductive success. The
consideration of habitat factors appears to be less important overall for experienced pairs,
and rather the male’s and female’s ages, and the female’s contraception history, were likely
the most significant predictors of additional litters among established pairs.

4. Discussion

RVA is an exploratory analysis to determine the factors that are most predictive of
reproductive success in ex situ animal populations. The results are not only informative
for learning more about a species’ biology, but they can inform how zoo-based animal
populations are managed, and when habitat features are considered, how habitats should
be designed or modified to improve the effectiveness of population and reproductive
management. Though multiple statistical approaches can be used to perform RVA, there
are some factors that are often identified by multiple methods, which are likely the most
important to consider when making future breeding recommendations.

4.1. Contraception

When it comes to establishing new breeding pairs for the ASCO SSP, it seems an
important factor to consider is the male’s contraception history, as it was identified as
important to, or always negatively associated with, the probability of breeding success by
every statistical method used, even after the influence of habitat factors was considered
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(with the exception of the LASSO regression, which performed very poorly overall). This
study is the first to look at the time to reproduction post-deslorelin treatment in ASCO.
Our analyses show the time to reversal to be long and highly variable between males (0.84,
2.13, and 4.23 years until successfully siring offspring post-implant expiration, N = 3). In
some cases, it appears that deslorelin implants last much longer than predicted, or that
treatment may even result in permanent reproductive suppression, as six males failed
to produce offspring, despite having breeding opportunities that were >3 years (up to
7.47 years) post-implant expiration, and in some cases, even when provided more than
one potential mate (i.e., more than one breeding attempt). These results are similar to
the findings of a study on male lion-tailed macaques, which showed potential permanent
infertility in some, but not all, males after treatment with deslorelin [30]. Among other otter
species, deslorelin has been documented to suppress reproductive hormones for 3–4 years
in female sea otters (Enhydra lutris), and more than 2 and 5 years in two male sea otters [31].
Extended reductions in blood testosterone and testis size were also recorded for three
additional male sea otters [32]. Therefore, the extended infertility observed in male ASCO
post-deslorelin treatment may be present across additional otter species, and the AZA RMC
is no longer recommending the use of deslorelin in ASCO males who may receive a future
breeding recommendation. Extended infertility in males treated with deslorelin has also
been documented in other taxa, including cheetahs [33], black-footed cats [32], and adult
tomcats [34].

As the sample sizes were already small for investigating contraception reversal, we
did not remove animals whose mates also had a history of contraception use. Therefore,
the overall rates of reversal may be higher for individuals who are paired with a mate
with no prior contraception use. Three of the six ASCO males who failed to reproduce
post-deslorelin treatment were paired with a female (or females) who also had not pro-
duced any offspring post-contraceptive treatment, which is a potential confounding factor.
However, the RVA did not find any association between female contraception history and
reproductive success among new pairs; therefore, the female’s contraception history was
unlikely to be the primary reason for the lack of reproductive success from these males.
In contrast, the RVA did find the contraception history of the female to be potentially
important for predicting breeding success among experienced pairs, though this effect
was not statistically significant when the length of the breeding attempt was accounted
for, which suggests that, despite deslorelin implants lasting longer than predicted, given
enough time, female fertility does eventually return, unless females first reach the age of
reproductive senescence, which appears to occur around age 15 [35].

The rate of reversal post-deslorelin treatment observed among female ASCOs in this
study (53.3%, N = 8/15) is comparable to that reported for tigers (55.6%, N = 10/18) [36]
and across various other taxa (62.5%, N = 10/16) [19]. Traditionally, deslorelin implants are
placed between the scapulae. Unfortunately, this makes locating and removing the implants
more challenging. However, implant removal can be facilitated using ultrasound [37]. The
rate of reversal post-deslorelin treatment was higher (60.0%) among ASCO females from
which deslorelin implant removal was confirmed vs. those females whose implants were
left in place/expired or implant status was unknown (50.0%). Our analyses also indicate
that the time to reversal post-implant treatment was faster among females who had their
implants removed. In contrast to this study, there was no association found between
implant removal and reversal in tigers [36]. Cowl et al., 2018, found that placing deslorelin
in alternative sites, such as the base of the ear or forelimb, had equivalent contraceptive
efficacy and a higher rate of reversal compared with the traditional placement site (83.3%
reversal rate vs. 50% reversal rate, respectively) [19]. Therefore, one way to improve
reproductive success post-deslorelin treatment in ASCO may be to place implants in
alternative sites in anticipation of future removal, which may facilitate the ease of removal
and decrease the time to reversal.

In addition to implant removal, this study found that the number of successive deslore-
lin implant treatments in females was significantly associated with time to reversal, such
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that more successive treatments prior to attempted breeding were associated with a longer
time to reversal. To our knowledge, this is the first study to investigate the effect of
deslorelin treatment duration (use of subsequent treatments) on reversal.

When considering the results of the RVA together with the information gained on
contraception reversibility and time to reversal, it seems apparent that the use of deslorelin
in ASCO males and long-term deslorelin use in females (multiple treatments) hinder
future reproductive potential. Therefore, the decision to use deslorelin should be carefully
considered in genetically valuable individuals and potential breeders, and should perhaps
only be used after a pair has produced at least one litter. We also recommend reconsidering
the use of deslorelin for aggression management in a single-sex group when individuals
may receive a breeding recommendation in the future. In cases where contraception is still
needed for females, the use of progestin-based products should be considered, such as MGA
implants or oral megestrol acetate (Ovaban®), for occasional or short-term contraception
needs within the female’s lifetime to try to minimize the effects of these reversibility-related
issues on the reproductive success of breeding pairs. Long-term progestin use in any
carnivore species is generally not recommended by the RMC, as it has been associated
with endometrial hyperplasia, endometrial mineralization, and hydrometra leading to
infertility, even after implant removal in zoo felids [38], an increase in the risk of mammary
and endometrial cancers in felids [39,40], as well as endometrial hyperplasia and pyometra
in canids [41]. We recommend contacting the AZA RMC for current guidelines prior to
contraception use.

4.2. Age

The results of the ASCO RVA indicate that, aside from contraception history, both male
and female age are likely the most important factors to consider when developing breeding
recommendations for the SSP. For both males and females, reproductive success declined
with age. Historically, ASCOs have been as old as 15.7 years (females) and 18.2 years
(males) at the start of attempted breeding; however, 11.9 years was the oldest a female
has been at the start of a breeding attempt that ended in reproductive success. Therefore,
reproductive senescence may occur in many female ASCOs earlier than previously believed.
In contrast, male ASCOs as old as 17.6 years old at the start of attempted breeding have
been successful, though on average, successful males tend to be much younger. Similar
to ASCOs, the RVA for the fennec fox SSP found female age to be one of the factors most
significantly associated with reproductive success [20]. Among fennec foxes, the probability
of a breeding pair being successful decreases as female age increases, with no offspring
produced from females over age 6, even though females have been paired up to 13 years of
age [20,23]. The trend also continues with tigers, where breeding success in female tigers
declines after age 5 for both experienced and inexperienced breeders [22]. A decline in
successful litter production as female age increases has also been documented in Tasmanian
devils [21], as well as red wolves, despite being observed in copulatory ties [24,25]. A
decline in reproductive success with male age, as observed here in male ASCO, has been
similarly observed among fennec fox and Mexican wolf breeding pairs [20,23]; however,
this has not been seen among male tigers [22]. Though a decrease in female fertility with
age has been documented for many species, often citing issues of declining uterine health
associated with age and reproductive management [42,43], additional studies are needed to
elucidate the underlying factors related to decreased fertility and/or reproductive success
in ASCO males with age.

While the average age difference between the male and female has been larger among
successful versus unsuccessful pairs of Tasmanian devils, perhaps due to the importance of
male size or experience [21], in ASCOs, the age difference between the male and female
appears to be only a minimally important consideration for breeding success. Therefore, as
genetically valuable animals (e.g., priority breeders) become older, they should be paired
with younger mates, as advancing female and male age decreases the likelihood of success,
yet the age difference between the male and female is not generally a concern.
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4.3. Inbreeding

The other biological factor that was identified by the RVA as associated with the repro-
ductive success of ASCO breeding pairs was the female’s individual level of inbreeding.
In the SSP population, pairs in which the female had any level of inbreeding generally
had lower reproductive success. The relationship between inbreeding and reproductive
success (i.e., fitness) is not routinely investigated in SSPs, but we can speculate that a
non-zero inbreeding coefficient estimated from the pedigree is positively correlated with
an increase in homozygosity for some genes that are associated with fitness-related traits,
resulting in phenotypes that are detrimental to fertility [44]. These types of effects have been
documented among some ex situ populations in relation to males, specifically regarding
inbreeding negatively affecting semen parameters, such as motility, sperm morphology,
and acrosome integrity [45,46]; however, little is known about potentially similar effects in
females (i.e., oocyte parameters).

Unfortunately, the small number of individuals with non-zero inbreeding coefficients
in this study made it impossible to investigate how increasing levels of inbreeding, and
levels of inbreeding higher than those observed in the population at the time of the study
may affect breeding success. Though some inbreeding is often unavoidable in small
populations, every effort should be made during the BTP process to minimize the creation
of ASCO breeding pairs that would result in offspring with non-zero inbreeding coefficients.
Therefore, the SSP may need to consider increasing the target size of the population to
minimize the likelihood of (and decrease the rate of) inbreeding accumulation.

4.4. Transfers, Mate Compatibility, and Conspecifics

The RVA did not find any evidence that transferring ASCOs between facilities to form
new breeding pairs hindered reproductive success. In fact, within the first 9 months of
attempted breeding, new pairs had approximately the same probability of reproductive
success as experienced pairs. It was not until about 1 year of attempted breeding that the
difference in the probability of reproductive success between new pairs and experienced
pairs became evident. This difference in the disparity between pair types over time is
additional support that the overall lower reproductive success observed among new pairs
is likely not related to possible stress-related issues resulting from relocation, or even prior
reproductive experience, but rather may be an issue of mate incompatibility. A lack of an
effect of translocation on breeding success has been similarly observed among other pair-
bonding, monogamous carnivores, including fennec foxes [20,23], Mexican wolves [20], and
red wolves [24]. In contrast, a previous analysis of breeding success among paired tigers (a
solitary carnivore) found that, when both individuals were already at the location where
the breeding recommendation was to take place, they were more likely to be successful [22].

Currently, breeding and transfer recommendations for ASCO are made with the goals
of maintaining demographic stability, as well as preserving genetic diversity [47–49]. When
population managers meet to develop breeding and transfer plans for a population, they
create as many breeding pairs as needed to produce the estimated number of offspring
needed to reach or maintain the target population size, and use pedigree analysis to
choose which individuals will be paired in order to retain genetic diversity and minimize
inbreeding. Unfortunately, this does not account or allow for mate choice, which can lead
to some animals being paired together that are simply not compatible, leading to a failure
to successfully produce offspring [50]. It is possible the disparity in reproductive success
between new pairs and experienced pairs observed over longer breeding attempt times is
evidence of this phenomenon among ASCO. Therefore, our management recommendation
would be to consider splitting up new ASCO pairs that have not been successful after
1 year of attempted breeding, as the likelihood of success given additional breeding time
is minimal and moving animals between facilities does not impact reproductive success.
Giving individuals the opportunity to breed with a new mate is likely to be more successful
than leaving them paired with an individual they are potentially incompatible with. For
facilities that have multiple habitats available for ASCO, housing multiple pairs may
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provide opportunities for swapping mates, which could potentially allow for some degree
of mate choice. However, this is likely dependent on the presence of additional offspring
(if one pair has been successful), as the fission and fusion of ASCO groups is incredibly
challenging and generally unsuccessful [51], which does impose some challenges and limits
on the ability of the SSP to split and repair otters overall.

Regarding experienced pairs, it is generally recommended to house their prior off-
spring with them, so they can assist in rearing their younger siblings. However, their
presence can sometimes interfere with copulation attempts for the sire and dam [15]. Our
data sources did not include any information on the cohabitation of breeding pairs with
their prior offspring, and this may explain some cases in which experienced pairs failed
to produce additional pups, either due to direct interference with copulation or increased
stress on the breeding individuals, perhaps as a result of overcrowding.

4.5. Habitat and Other Institutional Factors

Though factors related to animal habitats are not traditionally included in an RVA [20],
we hypothesized that environmental factors may influence breeding success in ASCOs, as
this has previously been documented among giant river otters [26]. Reproductive success
among zoo-managed giant river otters has been linked to habitat size (≥287 m2), the
proportion of the habitat that is water (≥47%), having a larger water area (≥50 m2), and
vegetation (more variety is better), as well as limited exposure to the public [26]. When
the information we gathered on ASCO habitats was incorporated into the RVA, there were
no obvious correlations between habitat size and reproductive success for ASCO, as was
also found for Tasmanian devils [21]. Instead, pool entry type, live plant features, and the
inclusion of dens and/or caves appeared to be the most important aspects of the habitat to
consider for future breeding success, particularly for new pairs. A step pool entry type (and
absence of gradient pool entry type), the presence of live plants, trees, and tree and root
systems, and the absence of dens and/or caves appeared to hinder reproductive success.

The type of entry into the pool in the habitat was the most consistent factor to appear
across different analyses. This is not necessarily surprising, as copulation most often occurs
in shallow waters in this species [15], which would most often be found at the interface
between land and water (i.e., the edge of the pool). It could be inferred that, if there is not
a generous amount of shallow water present in the habitat, copulation attempts may be
less frequent or incomplete/unsuccessful. Gradient pool entry types with long shorelines
would most likely provide the greatest amount of shallow water areas. This study found
pairs in habitats with step pool entry types to be only half as successful as pairs in habitats
with other pool entry types, and the presence of a gradient pool entry type was positively
associated with reproductive success over time, supporting this theory. Therefore, pools in
ASCO habitats should be designed with a gradient entry, as opposed to step or drop-off
entries, to facilitate successful copulation and increase breeding success.

A variety of live plants are often used in ASCO habitats, as well as log piles, large
tree stumps or root systems, hollow logs, etc., as they provide visual complexity and
offer foraging, playing, and shelter opportunities for the otters [15]. In situ ASCOs prefer
habitats with dense vegetation, as it provides cover and protection from predators, as well
as concealed sites in which they can build their nests [11]. It is not clear why the presence of
live plants, trees, and tree and root systems would be associated with a decrease in breeding
success in zoos. It is possible that the presence of live plants is actually correlated with
another factor that is the actual driver of lower reproductive success, but that we did not
measure or account for in the surveys. It is also possible that this could be a spurious artifact
of the low survey response rate (complete data from only 23 institutions). Regardless, this
effect of plantings does not appear to be very strong based on our analyses; however, it is
certainly another potential factor to consider if an institution continues to struggle with
breeding success in this species, despite attempts with multiple pairs of animals.

General husbandry guidelines for otters indicate that all animals should be provided
with dens and/or caves, which provide a choice and/or opportunity for the animals to
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sleep together or separately [15]. In situ, ASCOs often build their natal nests inside dens
and/or caves [8]. Based on our habitat survey, only 30% of ASCO habitats contained a den,
and only 25% contained a cave, and these were often not mutually exclusive. Our analyses
found that the presence of a den and/or cave was positively associated with reproductive
success. Therefore, another strategy for increasing overall breeding success for ASCOs
at the population level would be to add dens/caves and potential nesting materials into
existing ASCO habitats.

5. Conclusions

The RVA for the ASCO SSP described herein revealed:

• Use of deslorelin in males and long-term deslorelin use in females (multiple treatments)
hinders future reproductive potential, and its use should therefore be considered
carefully in genetically valuable individuals and potential breeders;

• Population managers should consider re-pairing individuals in pairs that have not
been successful after 1 year of attempted breeding, after which the likelihood of success
is low;

• Genetically valuable animals should be paired with younger mates, as advancing male
and female age decreases the likelihood of success, yet the age difference between the
male and female is not generally a concern;

• Pools in ASCO habitats should be designed with a gradient entry, as opposed to step
or drop-off entries, to facilitate successful copulation and increase breeding success;

• Including dens and/or caves in ASCO living spaces may improve breeding success.

With the ability of the SSP to put several of these recommendations into practice
relatively quickly, a higher (and more consistent) rate of reproductive success can likely
be achieved, improving the long-term sustainability of the North American ex situ Asian
small-clawed otter population.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jzbg4030042/s1, File S1: ASCO Initial Habitat Survey; File S2:
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