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California condors (Gymnogyps californianus) are a conservation-reliant species, needing ongoing management to
prevent extinction in the wild. The free-flying California population depends on captive releases to achieve
population growth, and lead poisoning from ingestion of spent lead ammunition is their primary threat. We used
a population viability management approach to assess status and compare management actions to increase

Lead
T: deoffs population growth and achieve self-sustainability. Specifically, we investigated how to optimize captive-breeding
Catastrophes resources by comparing: the replacement of failed wild-laid eggs with captive-laid eggs vs. releases of captive-

bred juveniles, releases of captive-bred juveniles in concentrated vs. dispersed timeframes, and releases of
captive-bred juveniles vs. reductions in lead-related mortality. Releasing captive-bred juveniles bolstered the
growth rate more than replacing eggs, and dispersed releases outperformed concentrated releases when popu-
lation growth rates were lower, such as in current conditions. Importantly, even small, durable reductions in lead
mortality outpaced annual releases, and the relative benefit of such reductions increased as the population grew.
Further underscoring the importance of reducing adult mortality, we estimated that 2-3 captive-bred juveniles
are needed to offset the loss of one free-flying adult. To assess population status and gauge recovery success, we
recommend 3-4 years of time-averaged monitoring data. Finally, our analyses showed that recovery will require
robustly growing populations to withstand catastrophic events. Overall, we illustrate the key role the captive-
breeding program plays in the growth of the free-flying condor population in California and that a self-
sustaining population is achievable through reductions in lead-related mortality.

1. Introduction 2010). Transitioning species from conservation-reliance to self-

sustainability frees up these resources and achieves the definition of

The majority of species listed as endangered under the U.S. Endan-
gered Species Act (ESA) are considered conservation-reliant (Scott et al.,
2010), such that over the long-term their threats “cannot be eliminated,
but only managed” (Goble et al., 2012). While the term and its legal
implications have been debated and refined since its introduction in
2005 (Goble et al., 2012; Rohlf et al., 2014; Scott et al., 2005), the strain
that conservation-reliant species impose on the resources of manage-
ment agencies and society in general remains undebatable (Scott et al.,
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recovery under the ESA (Doak et al., 2015; Rohlf et al., 2014).
Critically endangered California condors (Gymnogyps californianus)
are a well-recognized conservation-reliant species (Scott et al., 2010).
Extirpated in the wild in 1987, releases of captive-bred condors were
initiated in 1992, and the global free-flying population increased to
~345 individuals by the end of 2022. Population growth has been
achieved through a recovery strategy that rests on two pillars: a captive-
breeding program, which provides juveniles for release to supplement
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wild reproduction, and a threat management program, which imple-
ments strategies to increase wild survival and reproduction (USFWS,
2021). From 1992 to 2022, the predominant cause of mortality in free-
flying condors (~50 % of known causes) has been lead poisoning from
ingesting lead-based ammunition in terrestrial carcasses (Finkelstein
et al., 2012; Rideout et al.,, 2012; Viner et al., 2020). After lead
poisoning, the second leading anthropogenic cause of mortality was
electrocutions and collisions at utility infrastructure (i.e., power lines
and poles, Rideout et al., 2012).

Strategies to increase condor survival include outreach efforts aimed
at decreasing the presence of lead-based ammunition in the environment
and removal of hazards (e.g., power line burial) coupled with behavioral
training (e.g., aversion training to inhibit landings on power poles, Mee
and Snyder, 2007). Strategies to increase reproduction include replacing
wild eggs with eggs from captive stock. Management of wild condors is
facilitated by near-daily monitoring (via visual, camera, radio, and GPS
tracking), regular health checks (including blood lead testing), and
veterinary treatment when needed. Despite these efforts, California
condor population growth has been reliant on releases of captive-bred
individuals (Finkelstein et al., 2012).

Because condors are a classic K-selected species with a long lifespan,
a low reproductive rate, and a generation time of 25 years (Bakker et al.,
2022), attaining population sizes on a scale consistent with long-term
self-sustainability will be a lengthy process regardless of whether it is
achieved via captive releases or wild reproduction. However, unlike
other conservation-reliant species that are expected to require man-
agement in perpetuity (e.g., Black-footed ferret, Kirtland’s warbler,
Rohlf et al., 2014), successful implementation of just one action, the
societal switch to non-lead ammunition, would transition condors to
self-sustainability (Finkelstein et al., 2012). Socio-political barriers to
this switch have rendered California condors conservation reliant for the
past 30 years, suggesting that this transition may occur on the timeframe
of human generations (Cromie et al., 2019).

Compounding these challenges is the recent emergence of cata-
strophic mortality events linked to climate change and globalization. In
2020, 12 condors in California USA (> 10 % of the central California
flock) were killed when a wildland fire burned through condor nesting
and roosting habitat. In 2023, highly pathogenic avian influenza (HPAI)
was confirmed or suspected of killing 21 condors in Arizona/Utah USA
(~20 % of the Southwest flock, as of Dec 1, 2023).

Here we use a population viability management (PVM) approach
(Bakker and Doak, 2009) to provide recommendations for maximizing
the efficacy of actions to increase the wild California condor population
in California. PVM is a process by which a collaborative team of mod-
elers and managers use monitoring data to parameterize a population
model that accounts for uncertainty and deploy this model to compare
management actions using biologically meaningful metrics (e.g., popu-
lation growth rate, see Bakker et al., 2009, Bakker and Doak, 2009). We
used data on reproduction (Bakker et al., 2023) and on mortality from
lead and other causes to parameterize a stochastic demographic matrix
model for condors and used this model to predict their future status and
to assess recovery actions. Specifically, we investigated: (1) how to
maximize the value of captive-breeding resources, comparing egg re-
placements vs. juvenile releases and time-dispersed vs. time-
concentrated releases, (2) how to maximize the efficacy of recovery
actions, comparing allocation of management resources to captive
breeding vs. lead reduction efforts, (3) how to mitigate anthropogenic
mortality by estimating the number of captive juvenile releases required
to compensate for the loss of an adult, (4) how to efficiently monitor
population status, and (5) how to assess the potential effects of future
catastrophes. All scenarios considered were identified as priorities for
evaluation in collaboration with stakeholders (i.e., personnel from
governmental, tribal, and non-profit organizations invested in condor
conservation). To maintain focus on direct measures of recovery, we
used demographic metrics (Bakker and Doak, 2009) rather than costs to
compare recovery actions. Ultimately, we identify the conditions
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necessary to transition California condors from a conservation-reliant to
a self-sustaining species.

2. Methods
2.1. Study system

During the study period, the free-flying California population of
condors consisted of two somewhat distinct flocks, a southern California
flock (hereafter, southern) managed by the U.S. Fish and Wildlife Ser-
vice and a central California flock (hereafter, central) managed by
Pinnacles National Park and Ventana Wildlife Society. Although the
central and southern flocks are largely independent, there are occasional
management transfers and interflock movements of individuals. Moni-
toring was conducted as part of ongoing management efforts under the
authority of the U.S. Fish and Wildlife Service and was unique in its
intensity. During the study period, all individuals were tagged with a
vinyl tag on at least one wing, and most were given radio- or GPS-
transmitters. Attempts were made on a near-daily basis to locate each
individual visually, via telemetry, or on remote cameras at proffered
feeding stations. Thus, all deaths were documented, and all recovered
carcasses underwent necropsy. In addition, all nesting attempts were
identified and monitored (Bakker et al., 2023). We parameterized our
models with data from 1996, the first year that condors were present in
both flocks, through August 2018; during this time the wild California
population grew from 15 to 176 condors (Fig. 1).

2.2. Drivers of demographic rates: survival

We separated survival into two types: 1) lead survival (Spp), defined
as 1 — Mpp, the annual probability of mortality determined by a
pathologist to be lead-related, and 2) other survival (Sosmer, Green et al.,
2022), defined as 1 — Myer, the annual probability of mortality from all
other causes, including missing in the wild. Assigning missing in the wild
to Sother i @ conservative assumption about total lead effects, since some
missing birds almost certainly died from lead exposure. We used known
fate models and fit additive age, sex, breeder class, and time-since-
release effects with full and reduced model structures for annual and
flock variance in Spp and Syer using Program MARK with bimonthly
mortality data. We used the best AIC¢-supported models to estimate
mean Spp and Sy for future simulations and used full year- and flock-
varying models to estimate stochastic variance in annual survival rates
(Bakker et al., 2009). We used a biological year (bioyear) increment
starting at the approximate time condors fledge (Sep 1), which corre-
sponds to the annual increment of our population model. Our survival
analyses were based on data for all free-flying condors in California from
bioyear 1996 (Sep 1996 — Aug 1997) through bioyear 2017 (Sep 2017 —
Aug 2018). See Appendix A for additional details on survival analyses.

2.3. Drivers of demographic rates: reproduction

California condor reproductive rates over 20 years (1999, the first
year that breeding-age birds were present, to 2018) were recently re-
ported from the central and southern flocks (Bakker et al., 2023), and we
used those rates here. We summarized annual reproduction as the
number of female fledglings produced per female, broken down as the
product of several individual probabilities: (Recruit or Rebreed) x Clutch
x Hatch x Fledge x Female. To contribute a female offspring, a female
must breed (i.e., lay an egg, clutch size is one) by recruiting into the
breeding population (Recruit) or rebreeding as a recruited breeder
(Rebreed). California condors recruit into the breeder class at > 5 years
and typically breed every other year (Bakker et al., 2023). The female
and her mate must then successfully incubate the egg to hatching
(Hatch) and rear the chick to fledging (Fledge). We assumed a 50 %
probability that a fledged chick was female (Female). Foraging on ma-
rine mammals by central flock condors (Kurle et al., 2016) depresses
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Fig. 1. Current status of California condors in California. Plots show model
performance relative to observed population sizes for the California population
of California condors using observed release rates of captive-bred juvenile
condors for 1996-2018. Also shown are predicted future trajectories if current
conditions persist, with and without ongoing releases at the current release rate
(~8 per flock per year) for: (a) overall, (b), central flock, and (c) southern flock.
Based on 5000 replicate runs for each scenario, text labels indicate median
female Ag, (i.e., 434, 2018-2052, for the ongoing release scenarios, solid line,
and g5, 2027-2052, for no-release scenarios, dotted line, starting 9 years after
last release in 2018 to minimize effects of age structure skewed by juvenile
releases). Shaded regions depict 95 % confidence intervals, or the 2.5% and
97.5™ percentile of simulated population sizes for each year. Darker shaded
regions represent overlap in confidence intervals.
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Hatch (Bakker et al., 2023), presumably due to DDE-related eggshell
thinning (Burnett et al., 2013). For model simulations, we assumed no
effects of coastalness (an index of marine mammal feeding, Bakker et al.,
2023) on Hatch in the southern flock, while in the central flock we
assumed ongoing effects at the mean observed coastalness rate. We used
the best AICc-supported models to predict the mean and variance of
reproductive rates in simulations, and where supported, used the vari-
ance from random year effects to simulate environmental stochasticity.
See Bakker et al. (2023) for additional details on reproductive rate
analyses.

2.4. Population model overview

Using the survival and reproductive rates described above, we built a
stochastic demographic matrix model that incorporated parameter un-
certainty (Bakker et al., 2009) to predict future trajectories for the
southern and central condor flocks separately as well as combined. The
model assumed a fledging-time census with a Sep — Aug model year and
consisted of a female-only matrix that tracked females by age and
breeder class (similar to Bakker et al., 2018) (for female matrix see
Appendix B, Table B3). We also tracked males in a separate matrix by
age class, but given the observed male sex skew in the flocks (Bakker
et al., 2023), we assumed males did not limit mate pairing, and thus we
did not track male breeder class (for male matrix see Appendix B, Table
B4). In summarizing simulation output, we refer to short-term realized
stochastic lambda as 1; where t represents the number of years over

N
No

condors over the same timeframe as Nggineq = N; — No. For most simu-
lations we focused on 1 over 25 years or one condor generation (Bakker
et al., 2022). In general, for simulations initiated at the stable age dis-
tribution, we track total population A, (males and females combined),
but for simulations initiated at the observed population, which is male
skewed, we track female lambda, Ag, to avoid the effects of changing sex
skew on 4. Note that in most cases these parameter values are very
similar. For each scenario considered, we ran 500-20,000 simulations,
with differences in each simulation arising from parameter uncertainty,
demographic stochasticity, and random year effects in reproduction and
age-dependent Spp and Syer- Confidence bands on simulated trajectories
represent the 2.5M and 97.51 percentile of simulated annual population
sizes. To assess model fit, we simulated trajectories from 1996 onward,
using observed releases, removals, coastalness, and nest management
and compared predicted and observed population sizes. To assess the
current status of condor flocks, we simulated future trajectories at cur-
rent conditions from September 2018 onward with and without releases.
See Appendix B for additional details on population model and
scenarios.

which 1 is summarized (i.e., ( > (%)). We also summarized net gain in

2.5. Simulating futures with and without releases.

When projecting current conditions into the future with ongoing
releases, we specified the current release rate as random draws from the
observed sex- and flock-specific release schedules for bioyears 2014
through 2018. We chose to use 2014-2018 release rates to match the
simulated demographic rates, which were also estimated from this time
period. During this time, the mean annual total release rate was 7.6 in
the central flock and 8.6 in the southern flock; releases were male
skewed, and the mean annual female release rate was 3.4 for both flocks.
The release rates from 2014 to 2018 were similar to those from 2019
through 2022, when the mean annual total release rate was 9.5 in the
central flock and 6.3 in the southern flock.
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When simulating future population dynamics following the cessation
of releases and with populations initiated at the observed age distribu-
tion, we started tracking female Aps5 9 years after releases ceased to
avoid the transient effects of young-skewed age distributions; newly
released birds and birds < 10 years post-fledge have lower survival than
older adults (this analysis, Bakker et al., 2017). As such, these simula-
tions ended in 2052 (2018 + 9 + 25). We compared these population
dynamics to those with ongoing releases at the current release rate, for
which we calculated lambda over the entire 34-year (9 + 25) timeframe
(4139)-

As detailed below, for simulations based on a range of captive re-
leases, we initiated populations at the stable age distribution, and we
released equal numbers of males and females, with demographic sto-
chasticity, to evaluate population dynamics at specified release numbers
and without the influence of sex-skewed releases and thus summarized
growth using total lambda (125). While actual releases have been male-
biased, we conducted these simulations without this bias to more clearly
assess the effectiveness of releases in bolstering population numbers.

2.6. Maximizing the value of captive-breeding resources: egg replacements
vs. juvenile releases

We compared predicted futures under a range of egg replacement
and juvenile release scenarios. Specifically, we simulated from 0 to 16
eggs replaced in failed nests annually by increments of 2 eggs (hereafter
denoted as minimum:increment:maximum, or 0:2:16 eggs) and from
0 to 16 captive juveniles released annually (0:2:16 releases). Simulated
replacement eggs are assumed to hatch and have the same fledge
probabilities as wild laid eggs (Bakker et al., 2023). We ran 500 repli-
cates for each scenario (9 egg-replacement scenarios x 9 captive-release
scenarios = 81 scenarios). We initiated the population at the stable age
distribution estimated from mean vital rates, with 300 condors in each
flock to ensure up to 16 failed nests in most years to accept replacement
eggs. We recorded the number of eggs replaced annually and summa-
rized the mean number replaced over 25 years (Negs), along with the
number of captive-bred condors released annually (Nyefeqseq)- For each
run, we also recorded total population Ay; and numbers of condors
gained, Nggineq. We fit general linear models (MATLAB fitglm) to predict
225 and total Nggined based on Neggs and Nyejeased, comparing linear and
interactive models via AIC, and plotted the best models to assess trade-
offs.

2.7. Maximizing the value of captive-breeding resources: dispersed vs.
concentrated releases

We compared the relative effect of releasing captive juveniles at a
constant annual rate (time-dispersed) to releasing the same number all
at once (time-concentrated). Specifically, we simulated from 0 to 9
captives released annually for 25 years (note this maximum is close to
the current annual release rate), by increments of 1 (0:1:9 releases) and
from 0 to 225 captives released in year ¢, (i.e., 0:1:9 releases x 25 years).
While the highest number of concentrated releases simulated is not
feasible, this range of scenarios helps to highlight the tradeoff of
dispersed vs. concentrated release strategies. For each scenario we
varied the growth rate of the wild population by simulating a range of
Spy and So¢her, With proportional change, P, from 0 to 2 times the current
mortality rates (0:0.25:2) (S=1- (P x (1 - S))) for Spp and Syser- We ran
500 replicates for each scenario (10 dispersed scenarios + 10 concen-
trated scenarios = 20 scenarios x 9 mortality scenarios = 180 sce-
narios). We initiated the central and southern flocks at the observed total
population sizes and age and sex distributions in late summer 2018,
which were similar to current flock sizes (Nytart ceca = 89 vs. 94 as of the
end of 2022, Nytart soca = 87 vs. 89 as of the end of 2022). We summarized
results as the change in total flock size, Nipang, Over 25 years. We
explored how the effectiveness of the two release strategies varied with
the observed mortality rate for older adults (> 10 years post-fledge,
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Moidadur), which we focused on to discount the effects of higher mor-
tality for newly released and younger individuals, and calculated the
mean observed annual older adult mortality for each replicate. To
quantify the relationship between older adult mortality and change in
flock size for each release strategy, we fit an exponential function,
Nehange = ax e b Masat:  where a and b are coefficients (MATLAB fit,
nonlinear least squares method and predint).

2.8. Maximizing the efficacy of recovery actions: captive juvenile releases
vs. lead mortality

We compared the relative effects of increasing the numbers of ju-
veniles released vs. decreasing lead mortality rates by simulating futures
under a range of scenarios. Specifically, we simulated from 0 to 16
captive juveniles released annually (0:2:16 releases) and proportional
change in the lead mortality rate (Spp = 1 — (P x (1 - Spp)), where P =
0:0.25:2), and initiated each flock at the stable age distribution at two
population sizes, 100 and 300 condors, with 500 replicates for each
scenario (9 captive scenarios x 9 lead mortality scenarios x 2 starting
population sizes = 162 scenarios). We considered two population sizes
because, unlike our other analyses, the actions compared here each scale
differently with population size, and thus different actions might be
supported at low vs. high population sizes. We summarized results using
the methods described in Egg replacements vs. juvenile releases.

2.9. Mitigating anthropogenic mortality — the California condor
replacement ratio (CCRR)

To inform conservation actions, we estimated the CCRR, or the
number of releases of captive-bred juveniles required to compensate for
the loss of one adult. To do so, we initiated each flock at 300 condors at
the stable age distribution in year ty and simulated the removal of 10
females at year t; and the release of a range of captive-bred female ju-
veniles in year t;, including 0 (no replacement), 10 (1:1 rate of
replacement with captive-bred juveniles), and higher replacement rates
up to 34 (3.4:1 replacement rate). For computational efficiency, the
specific range was informed by preliminary model runs and varied by
scenario. We established the CCRR as the ratio of captive-bred juveniles
per adult for which the number of total females and the number of adult
(> 6 years post-fledge) females remained equal to or greater than the
number in the absence of removals. We simulated two removal sce-
narios, a precautionary scenario in which females removed were
assumed to be older adults (> 10 years post-fledge) successfully rearing
a chick, and a random scenario in which females removed were taken at
random from the adult (> 6 years post-fledge) breeder classes (e.g.,
successful breeder, failed breeder, skipper) proportional to class abun-
dance. For all scenarios, we assumed that the loss of a successful breeder
resulted in the loss of a chick. We assessed the CCRR based on the me-
dians of 20,000 runs for each scenario for 25 years after the surviving
released juveniles entered the older adult age class (i.e., t;7 — t42 for adult
females). To represent uncertainty, for every year of each scenario, we
drew 20,000 bootstrapped samples and took the difference of medians
for release and baseline scenarios (i.e., no removals). Bootstrapped 95 %
confidence intervals represent the release scenario for which the 2.5%
and 97.5™ percentile of number of females and adult females was
greater than or equal to the baseline scenario.

2.10. Future monitoring

We investigated how to assess condor population status under a
range of survival and reproductive rates in conditions otherwise similar
to those of the current California population. We initiated flocks at the
2018 size, age, and sex distribution and simulated the current release rate.
We proportionally altered Spp, and Syer from 0 to 2 times the current
mortality rate (S =1 - (P x (1 - S)), where P = 0:0.25:2). Similarly, we
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varied hatch and fledge success by proportionally changing the hatch
and fledge failure rate from 0.5 to 1.5 times the current rate
(0.5:0.25:1.5). We ran 500 replicates for each scenario (9 mortality
scenarios x 5 reproductive rate scenarios = 45 scenarios). We saved
total annual observed adult mortality (Myquir = Naduitdied/ Naduitstard) @nd
nest success (Nsyce/(Nsuce + Nyai)) at fledging time. We used these
observed data to build logistic models to predict the probability the
population would be self-sustaining (stable or growing). Because we
simulated futures with releases, we were unable to use realized sto-
chastic 125, which is based on changes in total numbers, as a measure of
population health, as this parameter can indicate a positive population
growth due to releases, even if without releases the population would be
declining. Thus, we defined a self-sustaining population as one in which
the mean stochastic log lambda, Xf_i, over each 25-year run, Xf_i =

emea"(l"ghf—f), was > 1, where A ; is the dominant eigenvalue of the

annual female population matrix. The mean of the log of these growth
rates provides a simple estimate of mean stochastic growth rate, which
includes stochastic variance in demographic rates, but excludes de-
mographic stochasticity and is not influenced by release rates or varying
age structure. We used AIC to identify the best models to predict A ;
(i.e., survival, nest success, or linear or interactive combinations) when
monitoring all (100 %) or a random subset (25, 50, 75 %) of the pop-
ulation and when using annual or time-averaged data. We compared
model performance in correctly predicting growing (s ;> 1) or
declining (s ; < 1) populations in two ways: (1) high-confidence as-
sessments, in which model predictions of P(A; ; > 1) > 0.8 were pre-
dictions of growth and predictions of P(As_; > 1) < 0.2 were predictions
of decline, and (2) best-estimate assessments, in which 0.5 was used as
the threshold probability to predict growth or decline.

2.11. Catastrophic events

To assess the effects of catastrophic events, which can kill multiple
individuals in a short timeframe, we simulated catastrophe scenarios
given current conditions in two ways. First, we ran scenarios from 1996
to 2052, similar to those used to assess population status, with catas-
trophes starting after 2018 at a mean frequency of 2, 4, and 8 years, with
and without future releases at the current release rate. Catastrophes
occurred immediately after fledging and releases and removed 20 % of
the population randomly in proportion to the sex, age, and breeder class
distribution, with demographic stochasticity.

Second, we evaluated the relationship between catastrophic in-
tensity and frequency with and without future releases. To simulate
catastrophes with releases, we initiated populations at the 2018 size and
age and sex distribution and simulated future trajectories with the cur-
rent release rate and recurring catastrophes. We simulated a range of
catastrophic intensities (proportion of population removed:
0.0:0.05:0.30) and frequencies (mean return frequency: 2:2:12 years,
where annual event probability is return frequency ') with 500 repli-
cates for each scenario (2 release scenarios x 7 intensities x 6 fre-
quencies = 84 scenarios). For scenarios in which releases ceased in
2018, we calculated female Az starting 9 years after releases ceased (see
Simulating futures with and without releases). For these simulations
without future releases, we initiated runs at three times the 2018 pop-
ulation size but at the observed sex, age, and breeder class distribution to
avoid numerous extinctions for the most severe catastrophic scenarios.
We compared the relative influence of catastrophe frequency and in-
tensity on 5 using a cubic spline to interpolate contour lines (MATLAB
griddata).
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3. Results and discussion

3.1. Survival: lead continues to be the leading cause of mortality for free-
flying California condors

Lead accounted for 25.9 % of 158 total deaths of condors in Cali-
fornia for bioyears 1996 through 2017. Other mortality was attributed
to: missing in the wild (24.1 %), undetermined (12.0 %), predation
(10.8 %), collision and electrocution related to utility infrastructure
(7.0 %), drowning (4.4 %), disease and poor condition (3.8 %), fire
(3.8 %), shooting (3.2 %), trauma (not related to utility infrastructure or
vehicles, 2.5 %), entanglement (1.3 %), poisoning (not lead, 0.6 %), and
vehicle trauma (0.6 %). Many factors predisposing individuals to other
mortality are associated with naiveté. Consistent with this hypothesis,
Sother increased with age and time-since-release, both of which are
experience-related. The best age and time-since-release structure for
Sother included a continuous age effect until 1-year post-fledging
(agetrendro1), @ continuous time-since-release effect until 2 years after
release (tSrrrendro2) and a negative juvenile (1 to 5 years post-fledge)
effect for females (f;juvenile, See Appendix A, Table Al for variable
definitions and Appendix B, Table B2 for regression coefficients used to
estimate survival and reproductive probabilities to parameterize popu-
lation matrix). Thus, survival increased with age until 1 year post-fledge
and then stabilized, except for juvenile females, which had lower sur-
vival. Survival of captive-bred birds increased until 2 years from initial
release, after which time their survival equaled that of wild birds of the
same age. There was no support for an interaction between tsryrendro2
and age, suggesting the mortality hazard for released birds reflected
inexperience in the wild, regardless of age (while most birds were
released at age 1.5 years, ages of released birds in the dataset ranged
from 0.5 to 36 years). There was no detectable effect of being a recruited
breeder, breeding in the previous year, or currently rearing an egg or
chick. The best temporal models included early trends in Symer for the
newly established flocks (until 2001 in central, yrrrendro2001:ceca @and
2004 in southern, yrrrendro2004:s0ca), followed by constant survival, with
higher S,er in the central flock (Table A5, overall best-supported model
for Sother = Flock + YT TrendTo2001:ceca + YT TrendTo2004:s0ca + tSTTrendTo2 +
agetrendro1 + fijuvenile). We used the mean Sy, after initial trends sta-
bilized to simulate S,¢her for our population model.

Unlike Sy¢her, we found no experience-related gains in Spy (Table A7-
A8). The best model for Sp, was Sp, = youngAdult (Table A10), indicating
lower Spp for young adults (6 to 10 years post-fledge) with no temporal
variance. In general, lead mortality was more of an equal-opportunity
killer than other mortality, with constant risk exhibited across sexes,
flocks, and time. Although the cause of higher lead mortality for young
adults is unknown, it may arise from subtle behavioral differences, se-
lective loss of birds physiologically more vulnerable to lead toxicity, or
other unknown factors. Likewise, we do not know why female juveniles
experienced lower Syper, but since this effect was associated with an
increased incidence of going missing in the wild, it may be due in part to
unattributed lead poisoning. Others have reported age- and sex-related
differences in survival in related species and hypothesized anthropo-
genic causes such as contaminants (Andean condors, Lambertucci et al.,
2012; Egyptian vultures, Sanz-Aguilar et al., 2017). Together, the
observed patterns of Spy (lower for young adults) and Symer (lower for
early post-fledges and juvenile females) result in higher overall survival
for older adults. Lead mortality represented a substantial fraction of the
mortality rate across all adult age groups and flocks (ranging from 0.33
for southern older adults to 0.58 for central young adults).

Due to early fluctuations in the small flock sizes, we only used data
from the second half of the time series (2007-2017) to estimate sto-
chastic variance for our future projections, which we based on models
with full flock x year variance and additive age effects (Table A7).

A prior survival analysis (Bakker et al., 2017) analyzed data through
2013 and did not separate Sp, and Syer but focused on drivers of total
survival and incorporated condor behavior (e.g., observed rate of
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feeding on proffered carcasses) to identify survival trends after ac-
counting for behavior changes. With the current analysis, we added 5
years of data, substantially increasing the sample size, which allowed us
to test for finer-scale differences in survival with age, sex, and time since
release. Individuals bred in captivity often have lower survival when
first introduced to the wild (Evans et al., 2009), and we also used our
larger database to refine the length of the time-since-release effect
detected previously (Bakker et al., 2017).

3.2. Population status: growth of the free-flying condor population relies
on captive-bred releases

Consistent with prior models (Finkelstein et al., 2012), we found that
growth of the condor population in California continues to be dependent
upon the release of captive-bred juveniles (Fig. 1). In the absence of
management or releases, our models predict that overall, the California
population of condors is slightly declining (425 = 0.996), and that both
flocks show these declining trends (central 125 = 0.997, southern, A5 =
0.992), although confidence bands span one in all cases (Fig. 1).
Continuing releases at the current release rate results in increasing pop-
ulation growth (434 = 1.029, 1.030, and 1.027 for overall, central, and
southern flocks respectively).

A prior demographic model indicated that, in the absence of releases,
the condor population was stable (female deterministic lambda, A ger =
1.0003, Finkelstein et al., 2012) while our current model indicates the
population is slightly declining. However, the two models generate
remarkably similar findings considering their differences in structure
and analysis methods. In particular, our current model increased realism
in two ways. First, we included demographic and environmental sto-
chasticity as well as parameter uncertainty in survival and reproductive

Q
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rates, while the 2012 model excluded these effects, an approach known
to bias growth rates high (Caswell, 2001; Morris and Doak, 2002).
Excluding demographic and environmental stochasticity and parameter
uncertainty from our current model runs increased population growth
rate estimates by ~0.004 (California population A5 = 0.999, central
Af25 = 1.001, southern, A5 = 0.996). Second, the 2012 model analyzed
reproductive rates without accounting for management interventions
that maximize reproduction, and thus that study’s ‘no management’
predictions implicitly assumed the continuation of nest management. In
contrast, we used analyses that accounted for nest management (i.e., by
classifying nests receiving intensive management as failures, Bakker
et al., 2023) and thus our ‘no management’ predictions assume the
cessation of nest management. Despite the different models and as-
sumptions, both analyses emphasize the pivotal role that captive re-
leases play in maintaining population growth and the importance of
reducing lead-related mortality to transition condors from conservation
reliant to self-sustaining.

3.3. Maximizing the value of captive-breeding resources: juvenile releases
increase population growth more than egg replacements

Across a broad range of mortality conditions, the release of a captive-
bred juvenile had almost double the effect on realized stochastic growth
rate compared to the use of an egg laid in captivity to replace a failed
wild egg (Fig. 2a-d). The annual captive production required to increase
the flock size by 50 birds over one generation for the central flock was
five captive eggs vs. three captive-bred juveniles and for the southern
flock was six captive eggs vs. three to four captive-bred juveniles (Ap-
pendix B, Fig. B1). Thus, given limited resources, investing in rearing
captive juveniles for release boosts the population more than using those
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Fig. 2. Maximizing the value of captive-breeding resources. Three-dimensional planes in left panels (a, b) show tradeoffs in realized total stochastic growth rate, 125,
when allocating captive propagation towards replacing failed eggs in wild nests vs. releasing captive-bred juveniles for: (a) central and (b) southern flocks, while
middle panels (c, d) use contour plots to convey the same tradeoffs. (See Appendix B, Fig. B1 for tradeoffs in numbers of condors gained over 25 years.) Right panels
(e, f) show tradeoffs in total flock size when releasing a total of 200 captive-bred juveniles at a constant annual rate of 8 birds over 25 years (i.e., time-dispersed,
shown in blue) vs. releasing the same total number of juveniles (200) in a one-time release (i.e., time-concentrated, shown in red) across a range of older adult (> 10
years post-fledge) mortality rates for the (e) central and (f) southern flocks, with 95 % prediction intervals. Vertical black line represents overall older adult mortality
rate for the years 2001-2017 (e, central flock) and 2004-2017 (f, southern flock). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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resources to produce captive-laid eggs to replace failed wild-laid eggs.
We do not have the information to directly compare the financial and
personnel costs of these management interventions, but tradeoffs are
complex. Rearing a bird to be released as a juvenile is more resource
intensive for captive breeding facilities than producing an egg, but
exchanging eggs is also resource intensive, requiring regular monitoring
of wild nests, including potentially difficult nest entries to detect failed
nests, and a second entry for egg placement. As a result of on our finding
that juvenile releases had a higher value to population growth, condor
recovery personnel ceased to use egg replacements as a management
strategy in the case of egg failure in most circumstances by 2015 (Ap-
pendix B, Fig. B2).

3.4. Maximizing the value of captive-breeding resources: benefits of
concentrated vs. dispersed juvenile releases dependent upon population
growth rate

The efficacy of time-concentrated vs. time-dispersed release strate-
gies was governed by the mortality rate. The relative efficacy of the two
strategies was essentially the same across the range of release rates
simulated, and thus we illustrate the predicted trade-offs with 200 one-
time released birds (concentrated) vs. 8 birds released annually
(dispersed, and comparable to current release rate) (Fig. 2e-f). A time-
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concentrated release was more effective if the older adult mortality
rate was very low; releasing captive individuals in a single event was
always more effective than a time-dispersed release if the mean older
adult mortality rate was < 0.043 in the central flock and < 0.055 in the
southern flock. Ultimately, these thresholds correspond to the transition
between increasing and decreasing population growth rates, as would be
expected by theory: a concentrated release is favored in a growing
population because birds released early will contribute to future popu-
lation growth, whereas a dispersed strategy is favored in a declining
population because birds released later have more relative value. The
slightly lower mortality cutoff for the central flock results from its lower
reproductive rate, due to DDE-associated impairment in hatching
(Bakker et al., 2023; Burnett et al., 2013), necessitating lower mortality
to achieve the same population growth as the southern flock. The cur-
rent observed older adult mortality rate for both flocks is close to the
breakeven point for these two approaches but favors dispersed releases
as the population is currently declining (Figs. 1, 2e-f). While the
concentrated release strategy is likely infeasible for all but the low end of
the release range (e.g., 1-2 birds released annually vs. 25-50 released all
at once), we simulated a wider range to better elucidate tradeoffs in
concentrated vs. dispersed release strategies with increasing numbers of
released individuals. The consistency of our conclusions across the range
of releases examined clarified that this contrast is invariant to release
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Fig. 3. Maximizing the efficiency of recovery actions. Panels compare strategies focused on enhancing survival (reducing lead mortality) vs. reproduction (increasing
captive breeding). Shown are the tradeoffs in realized total stochastic growth rate, 1,5 for the (a, ) central and (b, d) southern flocks when reducing lead mortality vs.
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number, underscoring the primacy of the lead mortality threat for
condor recovery and contextualizing the value of releases in different
demographic settings.

3.5. Maximizing the efficacy of recovery actions: small reductions in the
lead mortality rate can increase population growth more than releasing
captive-bred juveniles

In both central and southern flocks, decreasing lead mortality by
0.01 yields gains in Az5 that are comparable to increasing the annual
release of captive-bred juveniles by 2 to 3 birds with flock sizes similar to
current numbers (Ngq+ = 100, Fig. 3a-b). The effect of reducing lead
mortality scales with population size in a way that increasing releases
does not, which leverages its relative efficacy at larger population sizes.
Thus, when starting flock sizes are 300 (Fig. 3c-d), annual releases of ~7
captive juveniles per flock are needed to equal the benefits of reducing
lead mortality by 0.01. By comparing a reduction in lead-related mor-
tality to captive juvenile releases, our analyses provide a tangible
measure of the potential efficacy of interventions that achieve even
small durable changes in the amount of lead on the landscape. Given the
substantial resources required to produce captive condors for annual
release, our analyses suggest that efforts to reduce lead on the landscape
could yield ongoing dividends for condor conservation. Ultimately, re-
ductions in lead mortality can replace zoo-derived population growth
with intrinsic wild population growth and thus transition condors from
conservation reliant to self-sustaining.

3.6. Mitigation for anthropogenic mortality — the estimated California
Condor Replacement Ratio (CCRR) indicates 2 — 3 captive-bred juveniles
are required to offset the loss of one adult

Captive-bred juveniles cannot compensate for the loss of adults in a
1:1 ratio for several reasons. Released juveniles have lower survival
relative to wild juveniles for 2 years after release and also experience
lower survival as juveniles and young adults relative to older adults
(Appendix A). Juveniles also require at least 3.5 years before recruiting
into the breeder class, and breeding success increases with age up until
the older adult age class (Bakker et al., 2023). Thus, we used the CCRR to
estimate the combined effects of these differences between captive-bred
juveniles and free-flying adults. The California condor replacement
ratio, or the number of released captive-bred juveniles required to offset
the loss of one adult (with bootstrapped 95 % CIs) was 2.6 (2.2-3.0) and
2.0 (1.8-2.4) in the central flock and 3.0 (2.6-3.4) and 2.6 (2.0-2.6) in
the southern flock for precautionary (Appendix B, Figs. B3, B5) and
random removal assumptions (Figs. B4, B6), respectively. The greater
CCRR for the southern flock derives from its lower survival rates (this
analysis) and higher reproductive rates (Bakker et al., 2023) that in-
crease the relative impact of removing adults. The CCRR analysis com-
plements our other analyses weighing trade-offs in lead mortality vs.
captive releases by reinforcing the importance of adults relative to
captive-bred juveniles for population growth. The CCRR approach has
recently been used to establish offsets for potential adult mortality in
permitting wind energy facilities, with managers favoring precautionary
assumptions to buffer against uncertainty and future changes in popu-
lation status (ICF and WEST, 2022). This mitigation is expected to be
achieved via the expansion of capacity at captive breeding facilities
(Avangrid, 2021; ICF and WEST, 2023).

3.7. Future monitoring should emphasize time-averaged survival

Time-averaging of monitored demographic rates, consistent with
recovery monitoring approaches for other species (Bakker and Doak,
2009), increased the ability to distinguish growing populations from
declining populations by reducing the noise arising from annual sto-
chastic fluctuations (see Appendix B for full results). However, gains in
model performance began to slow after three years of time averaging
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suggesting that three years was an optimal balance between speed and
accuracy in assessment of current trends. While we did not simulate
changing conditions, we recommend time averaging over the shortest
timeframe possible (e.g., 3 years) to achieve desired status assessment
goals while avoiding errors from unforeseen influences on demographic
rates. Below we provide examples of optimal sampling strategies, which
maximize model performance (correct status assessment rate > 0.8
using best-estimate methods) by time-averaging over the shortest time-
frame, and alternative strategies that achieve similar performance by
averaging data over longer timeframes:
Central

e Optimal: survival sampling rate: 100 %, nest sampling rate: 25 %, 3-
year averaging

e Alternative: survival sampling rate: 75 %, nest sampling rate: 50 %,
4-year averaging

Southern

e Optimal: survival sampling rate: 100 %, nest sampling rate: 0, 3-year
averaging

e Alternative: survival sampling rate: 75 %, nest sampling rate: 25 %,
4-year averaging

3.8. Recent catastrophic events heighten the importance of maintaining
positive growth for the wild population

If catastrophic events that killed 20 % of individuals occurred every
4 years, the California population, which is currently exhibiting mod-
erate growth due to releases (434 = 1.029), would essentially cease to
grow even with releases (434 = 1.002, Fig. 4a). In the absence of re-
leases, a slowly declining California population (s = 0.996) would
become a rapidly declining one (A5 = 0.941) (Fig. 4b).

The recent emergence of wildland fires and HPAI, which killed
10-20 % of individuals in the central California and Southwest flocks,
underscores the need to manage condors for growth and resilience
(Fig. 4c-d). Indeed, our simulations predicted that a stable or slightly
growing population would not withstand recurring catastrophes, such as
zoonotic diseases and wildland fire, which are expected to increase due
to climate change (IPCC, 2022). Because HPAI is an emerging threat,
and we do not yet know the frequency or intensity of future outbreaks
(Harvey et al., 2023), we did not attempt to simulate realistic within-
flock spread or temporal dynamics. HPAI, along with wildland fires,
serve as examples of the types of catastrophic mortality events that can
and will periodically affect California condor flocks, in addition to
documented ongoing mortality.

3.9. Applying the Population Viability Management (PVM) process to
California condors and other conservation-reliant species

A PVM approach (Bakker and Doak, 2009) can be particularly
effective for guiding the ongoing management of conservation-reliant
species because their population health is, by definition, reliant on
conservation actions in perpetuity. PVM is inherently iterative, and here
we present one cycle in this process (see Appendix B, Fig. B10 for a
detailed explanation of the steps in the PVM process and their specific
application to California condors). Analyses such as the ones we present
here can be used to identify and prioritize management actions that
maximize demographic gains. Future iterations can account for chang-
ing threats, demographic rates, and management options. Where
feasible, including cost estimates can further increase efficient use of
limited conservation resources. For California condors, the PVM process
clarified that reducing lead poisoning to low levels would end its con-
servation reliance and thus provides a critically important example for
the management of other endangered species.
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Fig. 4. The effect of catastrophes on the population growth rate of California condors in California. Left panels (a, b) depict observed trajectories of the California
population (a) with and (b) without ongoing releases at the current release rate and with catastrophes randomly removing 20 % of the population at a mean recurrence
interval of 2, 4, and 8 years. Solid and dotted black lines represent the medians of 5000 replicate simulations. Shaded regions depict 95 % confidence intervals, or the
2.5 and 97.5™ percentile of simulated population sizes for each year, and darker regions represent overlap in confidence intervals. Right panels (c, d) depict the
relative effects of the intensity and frequency of catastrophes on Ay (c) with and (d) without ongoing releases at the current release rate. For all panels, text labels
indicate median female realized stochastic lambda Ag, (i.e., As34, 2018-2052, for ongoing release scenarios and As2s, 2027-2052, for no-release scenarios, starting 9
years after last release to minimize effects of age structure skewed by juvenile releases).

4. Conclusion

Over the past 15 years, two policy changes in California restricted the
use of lead-based ammunition (i.e., Ridley-Tree Act, AB711), but they
have not eliminated all uses of lead-based ammunition within the state.
In addition, studies examining regulations on lead-based ammunition
elsewhere documented only partial compliance (e.g., Cromie et al.,
2015; Widemo, 2021). We found that condors in California continue to
be lead-poisoned at a rate that prevents recovery. Condors exhibiting
more ‘wild’ behaviors, such as roaming far from the management area
(i.e., area where food was proffered or daily monitoring occurred)
experience higher mortality, and these behaviors have increased over
time as the flocks have grown in size and contain more older and
experienced individuals (Bakker et al., 2017). Thus, changing condor
behaviors are likely an important factor offsetting the gains of policy
changes and outreach activities. The ongoing lead-related mortality
renders the California population of condors conservation reliant, and
we used our models to identify conservation actions that maximize
population growth. Our simulations showed that releasing captive-bred
juveniles yields more growth than replacing eggs, that time-dispersed
releases currently outperform concentrated releases, and that 2-3
captive-bred juveniles are needed to offset the loss of one free-flying
adult condor. We also highlight the need for a robustly growing condor
population to withstand catastrophic mortality events, such as the

recent wildland fire and HPAI outbreak. Finally, we contrast lead
reduction and captive release strategies and demonstrate that even small
declines in lead mortality rates can substantially reduce reliance on
captive breeding. Taken together, our analyses underscore the need to
prioritize lead-reduction efforts while continuing the efficient use of
captive-breeding resources to maintain a growing wild condor popula-
tion. Indeed, we show that unless lead-related mortality is reduced,
California condors in California will remain conservation reliant.
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