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Breeding experience improves
reproductive outcomes in

an avian conservation
breeding program

A. M. Flanagan®, B. Masuda and R. R. Swaisgood

San Diego Zoo Wildlife Alliance, Volcano, HI, United States

In the midst of Earth’s sixth mass extinction, conservation breeding can serve as a
vital component of critically endangered species recovery. The effect of an
individual or pair's breeding experience on fitness has been evaluated across
numerous avian taxa, but research on how experience impacts breeding
outcomes for critically endangered birds in human care is scarce. In this
retrospective study, we examined whether breeding experience impacted
reproductive success in a conservation breeding program (CBP) for the last
remaining and critically endangered Hawaiian corvid, the ‘Alala (Hawaiian crow,
Corvus hawaiiensis). We evaluated whether experience was predictive of nest
quality, clutches, fertilized eggs, and incubation. We determined that breeding
experience positively impacted all reproductive stages, except for egg
fertilization. Our results can be used to inform breeding pair selection, for
example, pairing an Expert with an inexperienced individual may lead to better
reproductive outcomes compared to pairing two Novice individuals. Broadly, our
study presents an approach for quantitatively evaluating experience effects on
reproduction in CBPs and showcases the value of leveraging routinely collected
data to facilitate evidence-based decisions, that will lead to optimizing the
conservation value of a CBP through maximizing reproductive success.

KEYWORDS

animal behavior, animal cognition/learning, captive propagation, aviculture,
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Introduction

As the world navigates its sixth mass extinction (Dirzo et al., 2022), conservationists
endeavor to save species with a variety of tools. Bringing critically endangered species into
human care for conservation breeding is one tool for preventing extinction (Bolam et al.,
20215 Conde et al,, 2011; Crates et al., 2023), but comes with numerous challenges that must
be overcome to ensure species recovery goals are met (Snyder et al,, 1996), with many
conservation breeding programs (CBPs) unfortunately falling short of meeting their
objectives (Asa et al., 2011). Given the resource-intensive and costly nature of CBPs, it is
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important to understand factors contributing to or limiting CBP
success, with implications for guiding management decisions and
assessing the conservation value of a CBP and achieving overall
recovery goals. Knowledge of what works and what doesn’t with
respect to optimizing CBP success can impact the allocation of
resources (e.g., infrastructure for housing animals), timing of
releases, and — eventually - triggering CBP exit strategies (Ruiz-
Miranda et al., 2020). Of course, reproductive variation stems from
a variety of factors, including genetics (Flanagan et al., 2021; Hoeck
et al,, 2015), personality compatibility (Flanagan et al., 2024b;
Martin-Wintle et al., 2017), age (Barrett et al.,, 2024), and
breeding experience (Breen et al, 2016; Muth and Healy, 2014).
The failure of practitioner-selected breeding pairs to exhibit the
necessary breeding behaviors that lead to offspring production is
one significant barrier to CBP success, which is often attributed to
pair incompatibility (Asa et al., 2011). Moreover, the variability in
breeding outcomes among (or within) pairs in CBPs can make it
difficult to reasonably estimate the number of offspring that may be
produced in a breeding season and hinders educated guesses about
which pairs are most likely to succeed. Thus, to begin making
sensible predictions, it is important to identify the characteristics of
individual birds and pairs that translate to a higher probability of
reproduction, ideally with clear, tangible, and direct implications for
guiding breeding pair selection, arguably one of the biggest
challenges faced by CBP practitioners (Martin-Wintle et al., 2019).
Human-mediated pair selection comprises an essential
prerequisite to offspring production in CBPs, and involves
choosing mates based on a suite of hierarchical criteria, including
maintaining founder representation, minimizing inbreeding, and
considering population demographics (Hedrick et al., 2016; Hoeck
et al, 2015). However, it is unfortunately not possible to avoid
inbreeding entirely in small assurance populations (Flanagan et al.,
2021). Indeed, managing for genetics can be a significant challenge
in CBPs, especially since more optimal genetic pairings can
sometimes select for individuals that are behaviorally
incompatible. Thus, there are other criteria for consideration,
further along the pair selection process, to optimize the likelihood
of reproductive success, which may include the potential for pair
compatibility (as anecdotally assessed by caretakers or with mate
choice studies) (Ihle et al., 2015; Martin-Wintle et al., 2019; Munson
et al., 2020), the personality composition of prospective pairs
(Flanagan et al., 2024; Martin-Wintle et al., 2017), and the
breeding history of individuals or established pairs. Of course,
many factors determine whether pairs will breed successfully or
not. In addition to targeted hypothesis-driven research
interventions, CBP practitioners can leverage routinely collected
data to identify factors that influence reproduction to shape
breeding pair selection protocols for improved CBP productivity.
Breeding experience is one potential precursor to reproductive
success (Dubey et al, 2018; Dukas, 2019), as animals learn
reproductive behaviors (e.g., pair bonding and rearing offspring)
that lead to an increase in fitness, which can happen through
different pathways including trial-and-error (Muth and Healy,
2014) and social transmission of behaviors from conspecifics
(Breen et al,, 2016) or heterospecifics (Loukola et al., 2014).
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Moreover, the positive impact of experience on reproduction can
manifest in pairs with an experienced male and female, or can be
sex-dependent, where the experience of one sex is more
determinant of breeding outcomes than the other (Lv et al., 20165
Peralta-Sanchez et al., 2020; Pitera et al., 2021). While previous
studies have examined the effect of experience on reproductive
outcomes, details regarding the specific behaviors acquired with
experience are largely understudied. In the hair-crested drongo
(Dicrurus hottentottus), inexperienced pairs fledged fewer offspring
than experienced pairs, particularly when females were coupled
with inexperienced males (Lv et al, 2016). In captive house
sparrows (Passer domesticus) experience of the female was more
predictive of fledging success than male experience (Peralta-Sanchez
et al, 2020), whereas in the monogamous mountain chickadee
(Poecile gambeli) pairs comprised of experienced males and females
had heavier (presumably healthier) nestlings compared to
inexperienced pairs (Pitera et al., 2021).

While findings from studies conducted in the wild can be used
to inform breeding pair selection protocols for species in CBPs,
relying too heavily on information about the natural mating system
of wild animals may be inadequate for animals in human care, as
captive environments may lead to different mating dynamics than
observed in nature, with their own set of drivers of reproductive
success (Price and Stoinski, 2007; Swaisgood and Schulte, 2010).
Moreover, captive animals may not respond to processes or stimuli
that mimic their natural systems in the same way as their wild
counterparts (Bond and Watts, 1997). Similarly, it is unclear
whether the impact of experience on reproduction in captivity
can be extrapolated to the wild. Thus, it is important to test
predictions about whether various factors, such as breeding
experience, impact reproductive success of animals in human
care, rather than making assumptions based on what is known
about reproduction in the wild. To our knowledge, little or no work
has been done to examine the role of breeding experience on
reproduction within CBPs, particularly for birds. Animals,
especially those that are socially monogamous, in long-running
CBPs are prime candidates for conducting empirical, retrospective
analyses on how breeding experience impacts reproductive success,
as the breeding history of all captive-born and reared individuals is
known. Conducting experience studies on non-monogamous
captive species would also be valuable, but relatively challenging,
since breeding attempts would be difficult, if not impracticable, to
accurately track and record in polygynous or polygynandrous
mating systems. If breeding experience improves reproductive
success in CBPs, managers can use this information to predict
and understand reproductive output at the onset of new CBPs
(remaining patient for a few seasons while inexperienced birds gain
experience) and develop evidence-based protocols to guide
husbandry decisions.

The ‘Alala (Hawaiian crow, Corvus hawaiiensis) is a socially
monogamous species, forming long-term pair bonds in the wild
(Banko et al., 2002). Nearly all surviving ‘Alala are in human care,
where the species has been undergoing intensive conservation
breeding for reintroduction since 1996. The ‘Alala unfortunately
went extinct in the wild in 2002, due to a suite of overlapping

frontiersin.org


https://doi.org/10.3389/fcosc.2025.1671345
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Flanagan et al.

threats, including habitat degradation due to ungulate grazing,
introduced diseases (avian malaria and pox, and toxoplasmosis),
and invasive mammalian predators such as mongoose, cats, and rats
(Banko et al., 2002). Previous efforts to reintroduce the species to
the wild have not resulted in any established populations to date
(Greggor et al,, 2025), although there are 5 free-flying birds on Maui
at the time of this writing. Despite its socially monogamous mating
system, a recent study of mate retention effects on ‘Alala in human
care determined that pair longevity (the cumulative number of
breeding seasons together) did not influence reproduction (Barrett
et al,, 2024). However, both male and female age influenced various
aspects of reproduction, but the extent to which the age effects were
underpinned by breeding experience is unknown.

In this study, we addressed the question: Does past breeding
experience influence future ‘Alala reproductive success in human
care? Moreover, we endeavored to determine if male or female
experience is more determinant of reproductive outcomes. Based on
previous research findings implicating a positive impact of
experience on avian reproduction in other species, we predicted
that breeding experience would positively impact the probability of
reproductive success. Our results will be incorporated into the pair
selection process in husbandry protocols to improve reproductive
outcomes in the ‘Alala CBP. Additionally, and more broadly, our
study highlights the value of retrospective analyses to inform pair
selection protocols for CBPs.

Methods
‘Alala conservation breeding

‘Alala conservation breeding is conducted at the Keauhou Bird
Conservation Center (KBCC) on Hawaii Island and the Maui Bird
Conservation Center (MBCC) on the island of Maui (Supplementary
Figure S1). From 1996 onward, both breeding centers employed
intensive avicultural methods, which included the provision of
human-made, nest-like structures to facilitate egg laying (see
Flanagan et al. (2023) for details) and involved the removal of
clutches for artificial incubation and hand-rearing nestlings, to
grow the population until it reached ~ 140 individuals in 2018.
From 2018 onward, the CBP shifted to mostly parental breeding by
allowing the birds to build their own nests, incubate eggs, and rear
offspring to encourage birds in human care to perform breeding
behaviors essential to eventual reintroduction success (although, the
CBP pivoted back to intensive avicultural methods in 2023, to
produce individuals for an upcoming release, and continued
thereafter). Breeding pairs were selected to minimize inbreeding
and maintain founder representation using pedigree-derived
pairwise kinship coefficients, complemented with indicators of
compatibility, pair personality composition (Flanagan et al., 2024b),
or data from ongoing mate choice studies (Greggor et al,
unpublished data), which include the performance of affiliative
behaviors such as allopreening and allofeeding. Historically pairs
were kept together for multiple seasons, as ‘Alala is a socially
monogamous species, even if they were not initially successful.
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However, as recent findings indicate pair longevity does not impact
reproduction, practitioners can now be more proactive with re-
pairing birds from unsuccessful pairs in the CBP (Barrett et al., 2024).

Reproductive outcomes

We examined the role of breeding experience on four
reproductive milestones in the ‘Alala CBP: building quality nests,
producing clutches, egg fertilization, and incubating eggs to hatch
date (22 days after eggs are laid). The breeding seasons used in each
analysis varied, depending on the dataset being analyzed, as our
data collection efforts have been modified over the years in response
to adapting management strategies. The breeding stages we
carefully selected to evaluate are essential to offspring production
and, importantly, can be addressed by adjusting husbandry
practices, with management interventions tailored to target the
different stages.

Building robust nests prior to egg laying comprises an
important precursor to offspring production in the CBP, as ‘Alala
nest quality varies substantially among pairs. Over half of potential
‘Alala offspring (eggs) are lost prior to hatch when eggs are laid in
low quality nests, due to breaking, cannibalization, or ejecting eggs
from the nest (Mason et al., 2024). We measured nest quality from
2018-2023 on a standardized ordinal scale from 1-5, where 1 refers
to nests built by ‘Alala with no or few sticks and a 5 corresponds to a
symmetrical nest and nest cup built with both larger, and finer
natural materials, respectively. Details on our nest scoring
methodology are provided in Flanagan et al. (2023). All nest
scores were recorded when a female laid a clutch. Breeding pairs
that failed to nest build were assigned a score of 0, to include all
pairs in the analysis. In some cases, breeding pairs may have been
separated during the nest building process without being captured
in the CBP records, but we did not observe a detectable, systematic
impact of separations on our results. We utilized nest scores as an
ordinal response variable, and this analysis included 146
observations from 57 pairs.

Our clutch production and egg fertilization data were curated
from CBP records on all ‘Alala eggs laid, both of which were
included as binary response variables in our analysis (i.e., whether
clutches and fertile eggs were produced per breeding season).
Reproductive activities were monitored by closed circuit television
(CCTV) and in person to determine if, and when, a clutch was laid.
Our clutch production analysis included years where most eggs
were at least partially artificially incubated (2002-2014; 2016-2017),
as well as years where most eggs were fully parent-incubated (2015;
2018-2023) (N = 434 observations from 68 females). For our
fertilization analysis, which only included pairs that produced a
minimum of one egg per breeding season, we used data from
breeding seasons when most eggs were candled for visual signs of
fertilization (2003-2018) (N = 192 observations from 69 pairs),
unless egg loss (e.g., due to breaking) occurred prior to candling.
Our clutch and fertilization analyses were limited to breeding
seasons with a minimum of two breeding pairs. We did not
always confirm the number of eggs laid per clutch, nor candle all
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eggs for visual signs of fertilization, particularly when females were
incubating eggs, to minimize human disturbance which appeared to
have a negative effect in the wild (Banko and Banko, 1980), and not
all nests were on CCTV. Moreover, many females were provided
with facsimile eggs in years when we removed eggs from the nest for
artificial incubation, to prevent females from laying an excessive
number of clutches, which artificially influenced the number of
clutches laid and eggs produced per clutch. Thus, robustly assessing
experience effects on clutch size or the total number of fertile eggs
laid was not possible in our study.

We conducted the egg incubation analysis with data collected
from 2018-2022 on lay dates, egg disposition, as well as any
terminal events associated with each egg, including whether an
egg was broken, eaten, or ejected from the nest prior to 22 days of
incubation or whether eggs hatched. This analysis included 76
observations from 32 females. We limited this analysis to eggs
laid in nests that have been deemed as adequate for mitigating egg
loss (with nest scores > 4) (Mason et al., 2024), to focus the analysis
on eggs lost due to incubation behavior. To calculate the incubation
duration of each egg, we subtracted the lay date from the date of
terminal events. Incubation duration was subsequently used to
determine if females incubated their eggs for at least 22 days after
lay (or if it hatched, slightly prior to 22 days) (1 = yes, 0 = no), which
was utilized as the response variable in our incubation analysis.
While males have been occasionally observed incubating eggs or
otherwise assisting females at the nests (e.g., allofeeding), females
take the predominant role, so we did not include male experience in
the egg incubation analysis.

Generally, a small proportion of pairs have parent-incubated
hatches in each year (< 0.3), so we did not have a sufficient dataset to
reliably estimate the effect of experience on hatching or other
downstream reproductive stages, such as nestling survival to fledge.

Experience metrics

With detailed CBP records on each bird’s breeding history, we
determined whether birds entered each breeding season as an
inexperienced (“Novice”) or experienced (“Expert”) breeder
across each reproductive stage examined, based on whether
individuals had demonstrated success at each stage in one, or
more, previous seasons (also see Supplementary Table S1). While
‘Alala can engage in breeding attempts at 2-3 years old, there has
been notable variation in the onset of breeding behavior in the CBP,
yielding data that includes inexperienced breeders of much greater
age (Supplementary Figures 52-55), allowing us to disentangle the
effects of age versus experience. To account for potential age effects
in our assessment of breeding experience, in a way that also
facilitated the interpretability of our results, all birds included in
the study were classified as “Younger” (2-3 years old) or “Older”
(4-12 years old) and these two categorical age classes were
combined with the breeding experience classes (Novice or Expert)
resulting in four age-experience categories for analysis: Younger
Novice, Younger Expert, Older Novice, or Older Expert, which

Frontiers in Conservation Science

10.3389/fcosc.2025.1671345

changed throughout the dataset as birds aged or gained experience
over time. Birds > 13 years old show signs of decreased reproductive
output (Barrett et al., 2024), so we excluded these individuals from
the study. Our nest building and fertilization analyses tested the
importance of breeding experience at the pair-level, but our clutch
production and incubation analyses examined female experience
only. Utilizing the Expert/Novice categories in our study was
preferable to continuous measures of experience (e.g., the total
number of seasons with experience) as it allowed for exploring
experience effects without compromising model stability and
maximized the interpretability of our results. Determining
whether individuals or pairs are Experts, Novices, or a
combination thereof, also comprises a metric that is easily
accessible in CBP records, as opposed to re-evaluating each bird’s
cumulative breeding successes prior to each season to inform pair
selection. Thus, this approach avoids introducing additional
complexity with respect to translating our results into actionable
insights, hopefully better bridging the gap between science and
practice, to maximize uptake.

Statistical analyses

We conducted our statistical analyses in R (R Core Team, 2023).
We used mixed models to test for the effects of experience on nest
quality, clutch production, egg fertilization, and incubation with
pair (or female identity) as a random effect in each model, to
account for multiple observations from the same pair or female
across different breeding seasons. We also included year as a
random effect in all models, but 0 variance was associated with
year in our analyses of nest quality, clutch production, and
incubation, so it was ultimately removed from those models.
While not of direct interest in our study, we included facility
(KBCC and MBCC) as a covariate in our analyses to account for
differences between sites. We did not attempt to include facility as a
random effect because reliable variance estimates require > 2 levels
within random effects (Gelman and Hill, 2007; Harrison
et al., 2018).

The experience metrics utilized in each analysis varied as
described below (but see Supplementary Table S1 for an at-a-
glance overview of the data and parameters included in each
model). An ordinal cumulative linked mixed model (CLMM)
from the ordinal package (Christensen, 2018) was used to test
whether experience impacted nest quality scores. The effect of
experience on clutch production, egg fertilization, and egg
incubation was tested with generalized linear mixed models
(GLMMs), conducted with the Ime4 package (Bates et al,, 2015).
Model assumptions of the CLMM and GLMM:s were tested with the
ordinal (Christensen, 2018) and DHARMa (Hartig, 2022)
packages, respectively.

We initially used the age-experience classes of pairs (e.g.,
coupling a Younger Novice 3 with an Older Expert @ and so on)
or individual females (e.g., Older Expert @ vs. Younger Novice @,
etc.) as categorical fixed effects in the analyses of nest building,
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clutch production, and egg fertilization, but, in addition to issues
with model convergence, there were too few observations in some of
the age-experience classes established for each pair or individual.
Moreover, removing the age-experience classes with too few
observations did not resolve convergence issues. Thus, as an
alternative to the age-experience classes in these models, we
focused these analyses on the experience metrics only, ie.,
whether pairs were comprised of two Novices, whether pairs
contained an Expert male or Expert female (coupled with a
Novice partner), or whether pairs consisted of two Experts (or
Expert vs. Novice females only, for clutch production). However, we
were able to use the female age-experience classes as the fixed effect
in the incubation model without issue, after standardization (see
below). While this means we were unable to include age-experience
effects or interaction terms in our mixed models for nest building,
clutch production, and fertilization, we conducted visual
assessments based on summary statistics of the data to look for
patterns with age and experience effects on each of the reproductive
stages examined, by comparing the proportion of pairs in each age-
experience class that achieved each reproductive milestone. Because
the removal of clutches by caretakers for artificial incubation
comprised a process regularly experienced by some females
included in our study, we also tested whether the cumulative
proportion of clutches removed over each female’s lifetime
impacted the probability that females would successfully incubate
eggs for 22 days. The cumulative proportion of clutches removed
was calculated by taking the sum of clutches removed + clutches
laid over each female’s lifetime, up to each focal season in the
analysis. It is important to note that the proportion of clutches
removed per female may overlook some potentially important
inter-individual differences relevant to experience, but, we were
unable to utilize total clutches laid and total clutches removed for
artificial incubation as separate fixed effects in our incubation
model, as these two variables were highly correlated (both with
variance inflation factors > 5) (Fox and Weisburg, 2019). As the

10.3389/fcosc.2025.1671345

proportion of clutches removed from each female was included in
this analysis, in addition to female experience and site, we
numerically coded the female age-experience classes as Younger
Novice @ = 0, Older Novice @ = 1, and Older Expert @ = 2 (there
were no Younger Expert @s in the dataset) and coded site as
KBCC = 0, MBCC = 1, so that we could standardize all fixed
effects with the rescale function from the arm package (Gelman and
Su, 2018), prior to running the incubation analysis, to obtain
meaningful effect size estimates from this model.

Results

Our results suggest breeding experience positively impacted the
probability of ‘Alala reproductive success with respect to building
quality nests, clutch production, and egg incubation; however, we
failed to detect an effect of pair experience on egg fertilization
(Tables 1-4, Figures 1-3). Pairs comprised of two Experts and pairs
with an Expert male and Novice female achieved significantly
higher nest scores compared to pairs of two Novices (Table 1,
Figure 1A). Pairs with an Expert female and Novice male also
achieved higher nest scores compared to pairs comprised of two
Novices, but this difference was statistically insignificant (Table 1).
We also determined that Expert females were more likely to
produce clutches (Table 2, Figure 2A) and incubate eggs for 22
days compared to their Novice counterparts (Table 4, Figure 3C). In
addition, females were more likely to lay at KBCC than MBCC
(Table 2). We did not find an effect of clutch removal on a female’s
ability to incubate eggs for 22 days in seasons with a focus on
parental (over artificial) incubation (Table 4). We also did not see
any systematic trends with age and experience in the datasets that
were used in the models that did not directly incorporate age
(Figures 1B-3B); thus, there were no obvious signs that age
confounded our findings regarding the effect of experience on
reproduction detected.

TABLE 1 The effect of pair experience on the probability of building quality nests.

Transition thresholds (C) SE

01 2.0592 0.4668
12 -1.156 0.4059
203 -0.3315 0.3743
34 0.1032 0.3672
4|5 1.3245 0.3739

Fixed effects

Novice & | Expert @ 0.87 0.9454
Expert & | Novice @ 2.7156 1.3439
Pair consists of two Experts 1.0064 0.4347
Location -0.2271 0.4999

95% ClI z p-value
(-0.98, 2.72) 0.9202 0.3575
(0.08, 5.35) 2.0206 0.0433
(0.15, 1.86) 2.3151 0.0206
(-1.21, 0.75) -0.4543 0.6496

The dataset utilized in this analysis included 146 observations from 57 pairs, collected during 6 breeding seasons (2018-2023). “Pair consists of two Novices” was the reference group for
experience in this model, and the reference level for location was KBCC. Transition thresholds are the model intercepts, equivalent to the cumulative probabilities, on a logit scale, that a pair will
increase their nest scores from one value to the next, i.e., from 0 to 1, 1 to 2, 2 to 3, 3 to 4, and 4 to 5. Parameter estimates (), standard errors (SE), 95% confidence intervals (95% CI), z statistics

(z), and p-values are reported. Fixed effects with p-values < 0.05 are in bold.
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TABLE 2 Results from the GLMM evaluating whether female experience
was predictive of clutch production.

Parameter SE 95% Cl z p-value
Intercept ‘ 1.828 0.4962 ‘

Expert 9 0.8048 03622 | (0.09, 1.51) ‘ 2.2221 0.0263
Location 1338 05277 | (-2.37,-0.3) | -2.5356 0.0112

The dataset utilized in this analysis included 434 observations from 68 females, collected
during 22 breeding seasons (2002-2023). The reference level utilized for experience was
“Novice @” and the reference level for location was KBCC. GLMM parameter estimates (f3),
standard errors (SE), 95% confidence intervals (95% CI), z statistics (z), and p-values are
reported. Effects with p-values < 0.05 are in bold.

Discussion

We determined that breeding experience is associated with a
greater probability of building quality nests, clutch laying, and
incubating eggs to the expected hatch date, supporting our
prediction that breeding experience would translate to better
reproductive outcomes in the ‘Alala CBP. When working with
critically endangered species, it is generally not advisable to
conduct experimental manipulations. As such, we did not have
data on experienced males or females being randomly paired with
inexperienced birds available for analysis. But our study
nevertheless offers robust and useful insights for management.
Our results are broadly consistent with evidence that suggests
experience increases fitness in nonhuman animals (Dukas, 2019)
and align with previous studies concerning the effect of breeding
experience on the avian reproductive cycle, particularly in socially

10.3389/fcosc.2025.1671345

monogamous species (e.g., Lv et al., 2016; Peralta-Sanchez et al,,
20205 Pitera et al., 2021). To the best of our knowledge, ours is the
first study to examine the role of breeding experience on
reproductive outcomes in a CBP, using experience metrics that
are based on each individual’s breeding history, rather than age
alone, as a proxy for experience. Our results offer clear, direct, and
tangible implications for guiding decisions regarding pair selection.
Our finding regarding the importance of pair experience on
building quality nests suggests that nest building is shaped by
learning in ‘Alala, as has been found in many other taxa
(reviewed in Breen et al., 2016) and male ‘Alala have an
important role in nest building. In male southern masked
weaverbirds (Ploceus velatus), nest building behaviors changed
with experience, leading to smaller nests being constructed by
more experienced males (Walsh et al., 2010). In captivity, first-
year male Village weavers (Ploceus cucullatus) built looser nests
compared to older, more experienced males (Collias and Collias,
1964) and male zebra finches (Taeniopygia guttata) used less
flexible nest materials after gaining experience with nest building
(Bailey et al., 2014), adjusting the way they inserted materials into
nest boxes with improved dexterity (Muth and Healy, 2014).
Providing opportunities for birds in CBPs to learn is likely vital
for supporting better outcomes, leading to the preservation of
natural behaviors, development of skills important for post-
release survival and reproduction, and counteracting the negative
effects of life in captivity (Clark et al., 2023). The diversity, function,
and learning mechanisms driving the construction of nests by avian
species is only beginning to be understood (Healy et al., 2023).
Understanding how these factors contribute to the making of a

TABLE 3 Results from GLMM evaluating whether pair experience influenced egg fertilization.

Parameter B SE 95% Cl z p-value
Intercept 0.8616 0.5555

Expert & | Novice @ -0.5758 1.1005 (-2.73, 1.58) -0.5232 0.6008
Novice & | Expert @ -0.9675 0.9858 (-2.9, 0.96) -0.9815 0.3264
Pair consists of two Experts 0.5855 0.5647 (-0.52, 1.69) 1.0368 0.2998
Location 0.2802 0.7191 (-1.13, 1.69) 0.3897 0.6968

The dataset utilized in this analysis included 192 observations from 69 pairs, collected during 16 breeding seasons (2003-2018). The experience reference level utilized in this analysis was “Pair consists
of two Novices” and the reference level for location was KBCC. GLMM parameter estimates (B), standard errors (SE), 95% confidence intervals (95% CI), z statistics (z), and p-values are reported.

TABLE 4 Results from the GLMM evaluating whether pair experience, age and the cumulative proportion of clutches removed for artificial incubation
over each female’'s lifetime influenced the ability of females to incubate eggs to 22 days.

Parameter B SE 95% ClI z p-value
Intercept 1.1393 0.3116

Experience 1.3472 0.5698 (0.23, 2.46) 2.3644 0.0181
Cumulative proportion of clutches removed -0.5436 0.6406 (-1.8, 0.71) -0.8487 0.3961
Location -0.1793 0.6181 (-1.39, 1.03) -0.2901 0.7718

The dataset utilized in this analysis included 76 observations from 32 females, collected during 5 breeding seasons when most pairs were allowed to parentally incubate for the full 22 days without
human intervention (2018-2022). Female experience in this analysis was numerically coded as “Younger Novice @” = 0, “Older Novice ” = 1, & “Older Expert 9” = 2, and location was coded as
0=KBCC and 1 = MBCC prior to standardization. GLMM parameter estimates (B), standard errors (SE), 95% confidence intervals (95% CI), z statistics (z), and p-values are reported. Effects with
p-values < 0.05 are in bold text.
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FIGURE 1

(A) Mean nest scores achieved by pairs containing two novices, one expert, or two experts. These were the experience categories used in the CLMM
analysis of nest quality. (B) Mean nest scores achieved across the age-experience classes, assigned to each pair, showing no clear systematic trends

with age.

Older Novice < | Younger Novice ¢ (1)-
Younger Novice ¢ | Younger Novice ¢ (7)- I
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good nest for each species in human care promises to improve CBP
outcomes. At our facilities, we intend to provide all pairs with
abundant and diverse nest material options (sticks, grasses, coconut
fibers, etc.) and multiple nest platforms (Flanagan et al., 2023),
which supports varied learning opportunities with different
materials. In our study, two Experts (or Expert males with Novice
females) more often constructed high quality nests than when two
Novices were paired, demonstrating that these experiences
contribute to learning. Future behavioral research would be
important to evaluate the effects of experience on the
development of nest building behaviors in males and females in a
way that would allow for clearly quantifying the contribution of
each sex to nest building. Birds can also learn from their failures.
Indeed, predictions from models and empirical evidence support
the hypothesis that birds should shift to a new nesting location
following reproductive failure (Ibanez-alamo et al., 2015; Switzer,
1993). While birds in human care do not face the same stressors as
their wild counterparts (from predation and lack of food, for
instance), future work could evaluate whether nest building
improves after moving pairs to a different aviary.

In our study, experienced ‘Alala females were more likely to
produce a clutch than inexperienced females, and females were more
likely to lay at KBCC, perhaps because for most of the duration of the

A
Novice ¢ (99)-
Expert ¢ (335)-
00 02 04 06 038 10
Proportion of 0,1 observations with clutches
Novice . Expert
FIGURE 2

Role of experience and age on clutch production. (A) Clutch production by Novice @ and Expert @ groups. (B) The proportion of observations with
clutches across the age-experience classes assigned to each female included in our analysis, showing a clear pattern with female experience, but no

clear systematic trends with age.

CBP, birds with higher reproductive output were preferentially
housed at this facility where there is a larger number of aviaries
that are most optimal for holding pairs. Findings from the few other
species examined have been mixed. Clutch size was unaffected by
parent experience in house sparrows (Passer domesticus) (Peralta-
Sanchez et al., 2020) and hair-crested drongos (Dicrurus
hottentottus) (Lv et al., 2016), whereas experienced mountain
chickadee females (Poecile gambeli) produced larger clutches than
inexperienced females (Pitera et al., 2021). While it is possible that
clutch size may be influenced by experience in ‘Alala, we did not
consistently confirm the number of eggs in nests due to the increased
likelihood of human disturbance resulting in negative outcomes in
this species (Banko and Banko, 1980). The mechanisms
underpinning why and how female experience influenced clutch
production in our study are unclear. Perhaps experienced females are
more likely to produce clutches because of physiological and
behavioral improvements to the reproductive system mediated by
altered hormonal regulation. Alternatively, selection may be favoring
individuals better adapted to captivity, making them more likely to
produce clutches and resulting in differential reproductive success.
Clutch production in experienced birds may also be a downstream
consequence of improved nesting behavior, which may promote
hormonal readiness for egg production (Healy et al., 2023).

Older Novice ¢ (53)-
Younger Novice ¢ (46)-
SRS S _
Younaer Expert - (1 _
00 } 0.4 06 08 10
Proportion of 0,1 observations with clutches
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FIGURE 3

Older Novice < | Younger Novice ¢ (5)-
Younger Novice & | Older Novice ¢ (10)-
Older Expert &' | Older Novice ¢ (3)-

Older Novice < | Older Expert ¢ (13)-
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Older Novice - | Older Novice ¢ (23)-
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Role of experience and age on egg fertilization. (A) The overall proportion of observations with fertilized eggs among the pair experience groups used
in the GLMM of egg fertilization. (B) The proportion of observations with fertilized eggs across the age-experience classes assigned to each female
included in our analysis showing no clear systematic trends with experience or age. (C) The overall proportion of observations with eggs incubated
among the female age-experience groups. Female experience in this analysis was numerically coded as "Younger Novice Q" = 0, “Older Novice Q" = 1,
& "Older Expert @" = 2 to facilitate standardization with the cumulative proportion of clutches removed prior to running the GLMM analysis.

We were unable to detect an effect of experience on egg
fertilization, a disappointing finding given that fertilization rates
are low (<50%) in the ‘Alala (Hoeck et al., 2015) and other avian
CBPs (Assersohn et al., 2021) despite high reproductive success of
‘Alala in the wild (Banko and Banko, 1980). However, we observed a
general pattern in the raw data suggesting that assortative mating
(pairs consisting of two Novices or two Experts) may lead to a
higher probability of fertilization (Figure 3B). Research involving
the effect of experience on egg fertilization is limited, so there are
few studies for direct comparison. Parental experience in zebra
finches (T. guttata) was associated with the amount of sperm
reaching the fertilization site (Hurley et al, 2020). In kakapo
(Strigops habroptilus) populations that were translocated to
predator-free island sanctuaries, copulation experience (the total
number of previously observed copulations) had no effect on
fertilization (Digby et al, 2023). In a captive colony of African
penguins (Spheniscus demersus), inexperienced individuals were as
successful at the fertilization stage as experienced breeders, but
hatching nestlings required attaining additional experience or
finding an experienced mate; however, age was used as the
experience metric for penguins, as opposed to a proven track
record of previous reproductive success (Borecki et al., 2024). The
fact that breeding experience did not enhance fertilization in ‘Alala
is consistent with the slow rate of improvement in reproductive
output for this CBP (Flanagan et al., 2023). Animal care
practitioners often may work on the premise that birds will
improve through learning and experience, which may become an
obstacle to trialing other management interventions to achieve
desired outcomes. In the case of the ‘Alala, we will need to focus
on other factors that may improve egg fertility, such as mate
compatibility (Flanagan et al, 2024b), social environment
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(Flanagan et al, 2020, 2025), and enclosure characteristics
(Flanagan et al., 2024a).

By contrast, we found that experience did influence incubation
behavior, as experienced females were more likely to incubate eggs for
22 days compared to inexperienced females. Parental incubation
increases survival and fitness of ‘Alala compared to individuals that
were incubated and hatched in artificial incubators (Flanagan et al,
20215 Hoeck et al,, 2015), underscoring the importance of promoting
parental incubation behavior. This is a positive result, and therefore
we can expect the number of experienced females to increase over
time. Research to better understand the role of parental experience on
incubation behaviors in CBPs is lacking, but, in the wild, more
experienced females exhibit incubation behaviors that are superior
to those of their inexperienced counterparts (Williams et al., 2020).
Typically warmer temperatures are associated with better nest
outcomes, such as greater hatching success (Hepp et al., 2006) and
fledgling survival (Berntsen and Bech, 2016; Hepp and Kennamer,
2012). Parental experience may be an important determinant of
optimal temperature maintenance during incubation. Experienced
female hooded warblers (Setophaga citrina) selected nest sites in
warmer microclimates and shortened the time spent off their nests
during foraging bouts on colder mornings compared to inexperienced
females (Williams et al., 2020). While long foraging bouts are
unnecessary for ‘Alala and other birds in human care, learning in
captivity may influence a female’s incubation proficiency, including
temperature maintenance and egg turning. Future work in the ‘Alala
CBP could deploy sensors to compare nest temperatures and turning
rates between experienced and inexperienced females to better
understand how experience shapes incubation behavior. However,
there may be a limit to a female’s ability to maintain egg temperatures
in captivity, due to the inherent lack of abundance and diversity of
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nest site microclimates in an aviary setting. It would also be valuable to
better understand how male ‘Alala interact with females at the nest,
which could have consequences for incubation. For example, some
males tend to displace incubating females from the nest or otherwise
interfere with incubation (personal observation).

Future investigations that simultaneously explore behavioral
compatibility (Alverson et al., 2023; Spoon et al., 2006), genetics and
genomics (Hoeck et al,, 2015; Kyriazis et al., 2025; Sutton et al.,
2018), and experience (Lv et al., 2016; Peralta-Sanchez et al., 20205
Pitera et al., 2021), could provide a deeper understanding of the
mechanisms that drive variation in breeding outcomes. Moreover,
we were unable to meaningfully assess the impact of previous
breeding experience on nestling rearing and survival due to
sample size limitations (too few data to compare Novice to Expert
breeders), although, we acknowledge that exploring post-hatch
outcomes would yield valuable insights into the potential benefits
of experience on later stages of the reproductive cycle.

This study is part of a broader effort to uncover the husbandry
factors that govern successful reproduction in the ‘Alala
conservation breeding program while waiting to achieve the
primary goal of releasing individuals to the wild. With a series of
retrospective studies, we have examined the role that genetics
(Flanagan et al., 2021; Hoeck et al,, 2015), captive housing and
social management arrangements (Flanagan et al, 2025, 2020),
personality composition of pairs (Flanagan et al., 2024b), pair
duration (Barrett et al, 2024), and nest quality (Mason et al,
2024) play in reproductive outcomes. Each of these studies moves
us a step closer to zeroing in on the most important drivers of
reproductive success, although to date few of these variables have
yielded large statistical effect sizes, and have been characterized by a
substantial amount of statistical noise. Rather than a smoking gun
or a silver bullet, we find our research program better characterized
as an aggregation of marginal gains, with each new study providing
real but small incremental improvements in our ability to manage
the species for successful reproduction. The present study adds to
this knowledge, allowing practitioners to better gauge which pairs
will be successful, and underscoring the importance of providing
opportunities for learning, at least for some phases of the
reproductive cycle. Specifically, our study suggests that birds with
experience are more likely to succeed reproductively than
inexperienced birds of various ages. Thus, whenever possible, we
recommend that practitioners endeavor to pair inexperienced birds
with experienced partners to increase the probability of
reproductive success. Making pair selection decisions based on
the birds’ breeding experience has the important advantage of
being relatively straightforward and easy to implement, as the
experience of all individual birds in the ‘Alala CBP (and
presumably other CBPs) is known. Moreover, our results suggest
that providing captive birds with every opportunity to engage in
breeding behaviors provides them with the experience needed to
attain reproductive success, which also has inherent benefits to
animal welfare. Allowing animals to express and develop normal
behavior patterns prior to release in the wild is vital to the ultimate
goal of post-release success (Shier, 2016) and the ‘Alala CBP has
developed a suite of husbandry interventions to promote species-
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specific behaviors, such as foraging, antipredator, and reproductive
behavior to facilitate post-release survival and reproduction
(Flanagan et al., 2023; Greggor et al, 2021, 2018; Sabol et al,
2022). More broadly, our study models an approach for
quantitatively evaluating the effect of experience on reproduction
in a socially monogamous avian species. In addition, our study
showcases the value of leveraging routinely collected CBP data to
facilitate evidence-based decisions that will help optimize the
conservation value of a CBP by expediting the process to identify
and implement interventions that will enhance reproductive
outcomes and support population growth.
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