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Inbreeding and demography interact to
impact the recovery of a bottlenecked
crested ibis population

Jia Zheng 1,2, Ella Rees-Baylis 2, Thijs Janzen 3, Daiping Wang 4,5,6 ,
Zhengwang Zhang 1 , Xiangjiang Zhan 4,5,6 & Xiang-Yi Li Richter 2,7

Biodiversity loss driven by climate change and human activities poses a critical
global challenge. Population restoration and reintroduction programs are
essential for mitigating this threat to endangered species, yet their outcomes
often remain unpredictable due to poorly understood success factors, such as
the inevitable inbreeding during bottleneck events. The conservation pro-
gramme of the crested ibis (Nipponia nippon) marks a successful example
where the population rose from just seven individuals to over 9000 in the past
four decades. By developing an individual-based model that simulates the
restoration process and incorporates species-specific demography and
inbreeding data, we conclude that this successful restoration is largely deter-
ministic, as our results closely mirror empirical recovery time and population-
level inbreeding coefficients. To establish general guidelines for reintroduc-
tion programs, we compare how inbreeding depression influences the
recovery success of two reintroduction strategies involving small founder
populations. Our simulations reveal that the ‘firework’ approach (one-source
translocations) outperforms the ‘sequential’ (serial translocations) approach in
restoration effectiveness. Furthermore, by expanding analyses over a broad
demographic space, we demonstrate that the net effect of inbreeding varies
with species-specificdemography andhighlight the importanceof considering
their interaction when interpreting conservation outcomes and designing
future reintroduction programs.

More than one in four species assessed by the IUCN is threatened
with extinction, and biodiversity is expected to decline further as
climate change and other anthropomorphic threats intensify1. To
reverse this trend, effective conservation programmes are
urgently needed2. Predicting the likelihood of population recov-
ery from ecological threats, setting up more protected areas, and

providing optimal species reintroduction strategies are therefore
central to these efforts3–11. Despite the evident need, population
restoration and reintroduction outcomes vary widely across
species4,12–16, and the causes of failure are often not well
understood15,17,18. In-depth analyses of empirical conservation
outcomes can help identify drivers of success and failure, offering
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broader insights that can be applied to conservation efforts of
other threatened species4,6,18,19.

Population bottlenecks can result from ecological catastrophes,
yet are also common in reintroduction programmes, which inevitably
beginwith small populations due to financial constraints, conservation
uncertainties, or to minimise negative impacts on the source
population13,16,20. The primary goals of such programmes are to help
endangered speciesmaintain geneticdiversity by establishingmultiple
self-sustaining populations or restoring species’ historical geographic
ranges6,20,21. However, unavoidable inbreeding in small populations
during early reintroduction phases often leads to reduced genetic
diversity, which raises looming concerns about long-term conserva-
tion success4,17. Inbreeding is therefore a likely contributor to the
variable outcomes of restoration efforts.

Inbreeding depression—the reduced fitness of a population due to
mating between genetically close-related individuals—has been a cen-
tral focus of conservation biology since its inception22, and is regarded
as one of the most cryptic threats to population viability3,23,24. In wild
animals, inbreeding is known to result in abnormal embryo
development25,26, reduced fecundity23, survival rates3,27,28, and recruit-
ment probability29,30, which ultimately threaten population viability
through a reduced population growth rate19,31. These effects stem from
the increased occurrence of partially recessive deleterious alleles in the
homozygous state through identity-by-descent, as well as the accu-
mulation of such alleles due to genetic drift, which invariably accom-
pany inbreeding in small, endangered populations. Even in species that
have recovered from bottlenecks, genome-wide sequencing studies
have revealed that considerable inbreeding persists3,19,32,33. This raises
concerns that the detrimental effects of inbreeding could undermine
the viability of current steadily growing populations, or hinder the
success of future reintroduction programmes19,23,32,34. A remarkable
conservation success is the recovery of the endangered crested ibis
(Nipponia nippon) in East Asia. This long-lived species faced a severe
bottleneck in the last century due to habitat loss and pollution35. For-
tunately, its population has been officially announced to have
rebounded from just seven wild individuals to over 9000 (wild and
captive) individuals in the past four decades, thanks to extensive con-
servation efforts in China36,37. As with many restoration programmes,
however, it remains unclear how and why this species overcame the
expected negative consequences of inbreeding, and what lessons can
be learned to guide conservation efforts for other endangered species.

The crested ibis is thus an ideal empirical example for which a
more extensive analysis of its conservation can be of great use—
especially given that long-lived species are thought to be particularly
vulnerable to extinction during bottleneck events19,23. For instance,
their slow reproductive pace may hinder them from rapidly reco-
vering from a small population size4,19. Despite this, the populations
of some long-lived critically endangered species appear to have
successfully recovered from past bottleneck events12,13,19,23,24,38. This
has partially been attributed to the idea that repeated reproduction
over a long lifespan can help buffer the harmful effects of inbreeding
at the population level, thereby aiding in successful restoration23,24,39.
In other words, lifetime fecundity can be substantial for species that
have a slow birth rate yet continue to breed over decades. However,
the influences of demography, such as fecundity and mortality rates,
are often overlooked in predictions of how inbreeding impacts
population viability3,6,19,28.

Therefore, in this study, we create an individual-based model
incorporating both empirical inbreeding depression data and demo-
graphic rates from the crested ibis population restoration. Our first
aim is to investigate to what extent such a theoretical model (Fig. 1A)
canmake predictions that align with empirical conservation outcomes
and to understand whether the crested ibis restoration success was
achieved by chance or is largely deterministic. We then conduct two
additional mutually independent model analyses, as examples of
broader lessons we can learn by applying this simulation framework to
inform conservation practice. First, we use the same ibis restoration
model to implement two idealised reintroduction approaches and
compare their effectiveness (Fig. 1B): ‘firework’ and ‘sequential’. The
‘firework’ approach involves simultaneously establishing multiple
independent populations using founders taken from a successfully
restored source population (analogous to sparks radiating outward
from a firework). In addition to the one-time release of founders to
establish isolated populations, we also simulate a variant in which
immigrants are regularly translocated from the source population
after the initial reintroduction. The ‘sequential’ approach involves
establishing new populations in a stepwise manner, where founders
are taken from newly recovered populations, resembling a chain of
translocation events extending over time. We choose to study these
idealised reintroduction approaches because they are the basic
building blocks that can be combined to produce more complex and
diverse reintroduction programmes used in conservation practice.

Pair formation or
maintenance

Reproduction

Founders

SurvivalCrested ibis parameters
General parameters

Hatching success
Fledging success *
Nest survival *

Calculate F

Fig. 1 | Schematic diagram of the model and the simulated reintroduction
approaches. In all modelling scenarios, population restoration begins with a small
founder population. The breeding cycle consists of pair formation ormaintenance,
reproduction, and survival stages. The inbreeding coefficients (F) of a breeding
pair’s offspring were calculated by tracking the pedigree (exemplified by the car-
toon, see ‘Methods’ for details). Birds of different colours represent different sexes.
In the main model, inbreeding was considered to only negatively impact hatching
success basedon the empirical situation incrested ibises. Fledging success andnest

survival (marked by asterisks in the diagram) are included in the crested ibis
population restoration model (corresponding results in Fig. 2) and the reintro-
duction model variants (corresponding results in Fig. 3), but not for the analysis
that explores broader parameter ranges (corresponding results in Figs. 4 and 5).
This diagramwas self-designed, and the ibis silhouettes it contains are used under a
Creative Commons Attribution 4.0 license (CC BY 4.0) from Creazilla (https://
creazilla.com/media/silhouette/2248/ibis).
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This comparison aims to provide general reintroduction recommen-
dations for endangered species that require careful management for
population expansion. Lastly, we investigate more generally how
demography and inbreeding interact to impact population viability in
restoration programmes. To do so, we compare the simulation results
with and without inbreeding depression in a large demographic
parameter space beyond that of the crested ibis.

Results
Model overview
The simulation model begins with a bottlenecked population con-
sisting of a few individuals. These individuals mate randomly to form
breeding pairs that remain together for subsequent breeding seasons
(Fig. 1). Eachpair reproduces onceper year. Their reproductive success
is determined by the species’ clutch size, hatching success (influenced
by the offspring’s inbreeding coefficients), and fledging success of the
hatchlings. An individual’s inbreeding coefficient is calculated by
tracking a pedigree matrix that contains all individuals that have ever
appeared in the population (see ‘Methods’ and Supplementary Meth-
ods for details). After reproduction, individuals survive basedon stage-
specific probabilities (juvenile or adult survival rates). If both partners
of a breeding pair survive, they will maintain the pair bond and breed
again in the next season. If one partner dies or reaches the maximum
reproductive age, the other individual randomly pairswith anunpaired
adult of the opposite sex. This generates a population of overlapping
generations. Simulations continue until the population reaches a
threshold size or goes extinct.

Model predictions align well with the empirical crested ibis
population restoration
To investigate the empirical restoration of the crested ibis, we incor-
porated species-specific biological information into the model, from
empirical data (see the Supplementary Notes and the online
repository40). The information includes kinship of the founder popu-
lation, the negative effect of the inbreeding coefficient on hatching
success (derived from empirical pedigree data analysis), clutch size,
fledging success, nest survival, and stage-specific mortality rates (for
details see Methods and Table1). Of 300 simulations, 291 replicates
(97%) resulted in successful population recovery, reaching a threshold
population size of 9000 (Fig 2A, B, Fig. S2), suggesting that the
empirical restoration success of ibis restoration is largely

deterministic. Furthermore, the time required for successful restora-
tion among simulation replicates (median: 44 years, mean ± sd: 46.5
± 10.0 years) is close to the empirical restoration timeof 41 years (grey
dashed lines in Fig. 2A, Fig. S2).

Among simulations that resulted in successful restoration (Fig. 2B,
green lines), most populations entered exponential growth (i.e., a
straight line on the log scale) after short initial fluctuations. In contrast,
populations in unsuccessful restorations (Fig. 2B, purple lines)
remained small, never entered steady exponential growth, and even-
tually decreased to extinction—often rapidly (median: 8 years,
mean ± sd : 15.8 ± 20.7 years). During restoration, the population’s
average inbreeding coefficient first increases until reaching a plateau
(Fig. 2C). The initial increase of the population-level inbreeding coef-
ficient resulted from unavoidable inbreeding caused by the small size
of the founder population. Once the population survives this initial
phase, fewer inbred individuals can produce more offspring, con-
tributing to faster population growth. Also, as population size increa-
ses, mating with close kin becomes less likely, leading to a decline in
the variance of inbreeding coefficients among individuals. Among the
successful replicates, the median population-level inbreeding coeffi-
cient in the final restoration year (0.19) was similar to the empirical
estimate in the sampled population (0.17, 95% CI: 0.155–0.175, N = 321,
grey dashed line in Fig. S3A).

The effect of inbreeding on hatching success was a central
assumption of the crested ibis population restoration model. While this
relationship was estimated from empirical data (see ‘Methods’), we also
performed a sensitivity analysis to test model robustness. Varying the
parameter value (s0) by ±50% did not substantially change the results
(median population restoration time ranged from 40 to 50 years, and
restoration success rate ranged from 95% to 99%, Fig. S4). More notable
differences occurred when the value of s0 was doubled, leading to a
decrease in restoration success (to below 90%) and longer restoration
time (median: 58 years), although this does not affect the average
inbreeding level in the successfully restored populations (Fig. S4). We
also varied the relatedness between the adult founders, ranging from full
siblings, half-siblings, to unrelated. All scenarios showed high restoration
success rates (93.7–97.3%), though simulated restoration times suggest
that the empirical founders were likely to have ranged from half-siblings
to unrelated (Fig. S5). When inbreeding was assumed to not only impact
hatching success but also reduce the survival of juveniles or adults,
restoration success declined, but the population-level inbreeding coef-
ficient when reaching restoration remained similar (Fig. S6).

In the main model, we implemented hard selection (i.e., mor-
tality rates were independent of population density) for simplicity.
However, soft selection is known to potentially hinder population
recovery by negatively affecting individual fitness at population
density41. To test whether this influences our model results, we
additionally investigated how density regulation affects simulation
outcomes. The results were robust to soft selection, as density
dependence primarily slowed population growth during later stages
of recovery, when the population size became large, but did not
reduce the probability of successful restoration (Figs. S7 and S8,
corresponding to two different ways of density regulation). Intui-
tively, this is because restoration success hinges on the early stage,
which determines whether a population can enter stable exponential
growth, whereas density effects only become important later.

The alignment between simulation results and the empirical data
(i.e., restoration timeandpopulation-level inbreeding coefficients) and
the robustnessof themodel suggest thatourmodel provides a goodfit
for the real-world restoration dynamics of the crested ibis population.

Population reintroduction success depends crucially on the
origin and number of founders
Having shown that our theoretical model fits well with the empirical
restoration of the crested ibis, we conducted furthermodel analyses to

Table 1 | Parameters used in the individual-based models and
their default values (unless stated otherwise)

Parameter Description Value

(A) Breedingparameters in the crested ibismodel and the reintroduction analysis

C Clutch size 3

s0 Coefficient of inbreeding depression
on hatching success

1

H0 Baseline hatching success 0.9

R0 Fledging success 0.62

Rn Nest survival rate 0.62

mj1
First-year juvenile mortality rate 0.22

mj2
Second-year juvenile mortality rate 0.05

ma Adult mortality rate 0.05

(B) parameters in the analysis of interactions between demography and
inbreeding

mpa
Adult mortality rate 0.0–0.5 with intervals

of 0.05

mpj
Juvenile mortality rate 0.0–0.9 with intervals

of 0.05

Cp Clutch size 1–6, integers
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draw broader conclusions. Our first analysis using the theoretical
model includes model variants corresponding to two idealised rein-
troduction strategies, which we term ‘firework’ and ‘sequential’
approaches. These strategies differ in the source of founders used to
establish newly introduced populations. In the ‘firework’ approach,
founders of the newly introduced populations were taken from the
original source population, after it was successfully restored. The new
populations were either established solely by these founders (Fig. 3A1)
or also with additional immigrants translocated from the source
population at regular intervals (Fig. 3A2). In the ‘sequential’ approach,
the founders of the first round of reintroduction also came from the
restored source population, but subsequent reintroduction rounds
drew founders from the most recently restored population in a step-
wise, chain-like fashion. For clarity and ease of comparison, only a few

representative trajectories of population reintroduction are shown in
Fig. 3; however, our simulations explored a wide range of scenarios,
varying the number of unrelated founder pairs from three to 13 for
each reintroductionapproach,with 50 independent replicates for each
scenario (Fig. S9).

With the ‘firework’ reintroduction approach, increasing the
number of founders resulted in lower inbreeding levels in the rein-
troduced population, regardless of whether immigrants were added
(Fig. 3A1 and A2; compare the trajectories with three and 11 founder
pairs). However, adding immigrants further slowed the accumulation
of population-level inbreeding coefficients (Fig. 3A1 and A2; compare
trajectories with the same number of founder pairs) and accelerated
growth of the reintroduced population (Fig. S10). For example, a sce-
nario with three initial founder pairs supplemented by the repeated
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Fig. 2 | Simulationoutcomes of crested ibis restoration.AThedistribution of the
time a population took to achieve successful restoration (in green, N = 291 repli-
cates) or go extinct (in purple, N = 9 replicates) out of 300 simulation replicates.
The grey dashed line represents the empirical time (41 years) the crested ibis
population took to recover from seven individuals to over 9000. B Simulated
population dynamics (plotted in the log scale of base 10) started from the empirical
bottlenecked scenario with seven founders (i.e., two breeding pairs and three
juveniles from one of the pairs). The log-transformed size of the founder

population (seven individuals) is shown by the solid dot. The 100 trajectories
presented here include all 9 replicates that ended in extinction and 91 randomly
selected replicates that led to successful restoration (see Fig. S2 for trajectories of
all 300 replicates). C The trajectory of population-level distribution of inbreeding
coefficient among individuals in one randomly selected simulation replicate. The
green solid line and the coloured ribbons represent the population average
inbreeding coefficient and its standard deviation over simulation time.

Fig. 3 | Comparing the effectiveness of the ‘firework’ and ‘sequential’ reintro-
duction approaches. One randomly selected simulation replicate from each dif-
ferent scenario is used to demonstrate the modelling outcomes. The solid lines
represent the trajectory of the population-average inbreeding coefficient (F) of the
populations; the coloured ribbons depict the standard deviation of F over the
course of simulations. A Simulated trajectories where individuals are reintroduced
simultaneously following either the standard ‘firework’ approach (A1, with no
immigrants) or its variant (A2, with immigrants) in the scenario with three or 11
founder pairs. The simulation trajectory of the source population is coloured in
grey, and the trajectories of reintroduced populations were in orange (for the

standard ‘firework’) and pink (for the ‘firework’ with immigrants). The triangles
represent the introductionof initial founders; thepink andpurple dots in (A2) show
time points when groups of immigrants (either three pairs or 11 pairs, consistent
with the number of initial founders) are translocated from the source to the
growing reintroduced population. B Simulated trajectories where individuals are
reintroduced following the ‘sequential’ approachwith three or 11 founderpairs. The
dots indicate the mean F of the founders at the beginning of each reintroduction
round. The simulation with three founder pairs collapsed at the beginning of the
fourth round, while the one with eleven founder pairs achieved all ten rounds of
restoration.
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addition of three immigrant pairs from the source population across
five rounds (Fig. 3A2) yielded comparable population growth dynam-
ics to a one-time reintroduction of 11 founder pairs (Fig. 3A1). These
two scenarios showed similarfinal-year population average inbreeding
coefficients (0.21 vs. 0.21, Fig. 3A1 andA2) and population sizes (285 vs.
280 individuals, Fig. S10).

In population reintroductions following the ‘sequential’ approach,
there is a notable accumulation of the inbreeding coefficient over
consecutive rounds (Fig. 3B). This approach resulted in more frequent
population reintroduction failures, especially with a small number of
founders (Fig. S9B). For instance,with only three founder pairs, there is
a faster increase in the population-level inbreeding coefficient,
resulting in sudden population collapse at the beginning of the fourth
reintroduction round (Fig. 3B). In contrast, introducing 11 founder
pairs allowed the population to complete all ten rounds of reintro-
duction, despite the continuous accumulation of inbreeding in each
consecutively reintroduced population. Overall, the full programmeof
ten reintroduction rounds under the ‘sequential’ approach was only
possible when each reintroduction round involved more than seven
founder pairs (Fig. S9).

Our simulations showed that, for both reintroduction
approaches, increasing the number of founders leads to faster
population growth and mitigates the accumulation of inbreeding
coefficients over reintroduction steps. As founder numbers
increased, the restoration effectiveness gap between the two
approaches narrowed. Nonetheless, the ‘firework’ approach gen-
erally outperformed the ‘sequential’ approach by yielding higher
success probability, shorter restoration times of newly established
populations, and requiring fewer founder pairs to achieve suc-
cessful reintroduction.

The net effect of inbreeding depression on population restora-
tion depends on demography
We further analysed the theoretical model to explore how inbreeding
and demography interact to influence population viability under a
broader demographic parameter space. Specifically, we varied clutch
size, juvenile mortality rate, and adult mortality rate within ranges
informedbydemographic parameters of 41 bird species (Table S1). For
each parameter combination, we ran simulations both with and with-
out inbreeding depression, reducing hatching success. This compar-
ison allowed us to disentangle the interactions between demographic

parameters and inbreeding depression in shaping population viability
after a bottleneck event.

From a full analysis across these parameter combinations, we can
categorise species into three types (markers I–III in Fig. 4A–C) based
on how demographic rates and inbreeding jointly affect population
viability. Type I species (of which the crested ibis is an example) have
favourable demographic rates (e.g., low juvenile and adult mortality
rates). For these species, inbreedingdepressionhas a negligible impact
on the restoration success after a bottleneck (Fig. 4C), as they show a
high recovery probability regardless (Fig. 4A, B). In contrast, type III
species have unfavourable demographic rates that alone lead to low
recovery probabilities (Fig. 4A, B), making population extinction dur-
ing bottleneck events almost inevitable regardless of inbreeding
depression (Fig. 4C). Type II species occupy an intermediate zone: they
have demographic rates that result in a good chance of population
restoration when inbreeding is assumed to be neutral (Fig. 4A), but
restoration is unlikely when inbreeding reduces reproductive fitness
(Fig. 4B, C). All three types are reflected by the distribution of the
41 species in the full simulation analysis (Fig. 5), and variation in clutch
size introduces further complexity. Specifically, small clutch sizes
considerably hinder recovery in species with high adult mortality,
whereas in species with larger clutches, population viability is more
constrained by high juvenile mortality. Although the model assumes a
uniform effect of inbreeding depression across species, the net impact
of inbreeding on population recovery from a bottleneck varies con-
siderably depending on the demographic context. Given the large
variation in avian demography (Table S1), our model results highlight
the necessity to consider the interactions between a species’ demo-
graphy and the impact of inbreeding depression when evaluating the
likelihood of population recovery from bottleneck events.

Discussion
We developed an individual-based model inspired by the empirical
restoration of the crested ibis, and performed two additional analyses
to draw broader conclusions from this remarkable conservation suc-
cess. Our crested ibis population restorationmodel provides a good fit
to the empirical recovery of the species, as demonstrated through the
agreement between simulation results and empirical data in terms of
population restoration time and average inbreeding coefficient. On
this basis, we further adjusted and analysed the model to compare the
outcomes of two applied reintroduction strategies and found the
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‘firework’ approach to be more effective than the ‘sequential’
approach. The former approach generally requires fewer founders and
leads to a higher restoration probability, shorter restoration time, and
lower inbreeding levels. We subsequently analysed the model to
investigate beyond the demographic parameters of the crested ibis
and demonstrate that a bottlenecked population’s chance of recovery
depends on the interplay between its vulnerability to inbreeding
depression and its species-specific demography.

Inbreeding can pose a significant extinction risk to bottlenecked
populations, such as during the early stages of reintroduction
schemes. Our simulations show that the ‘firework’ approach out-
performs the ‘sequential’ approach by mitigating the accumulative
effect of inbreeding that occurs through sequential reintroduction
rounds. There is empirical evidence for the success of ‘firework’
schemes, as seen in the white-tailed deer (Odocoileus virginianus) and
bearded vultures (Gypaetus barbatus), with reintroduced popula-
tions maintaining steady growth over time13,38. However, this
approach is not guaranteed to always lead to success, as demon-
strated by the conservation project of the Seychelles Magpie-robin
(Copsychus sechellarum), which was successful in some translocation
attempts but failed in others15. The varied mortality risks induced by
local ecological threats are proposed to play a role in this species,
reflecting the importance of demography in determining restoration
success. When incorporating immigrant translocations, the ‘firework’
approach more effectively limits the accumulation of inbreeding. A
supporting example is the white-tailed eagle (Haliaeetus albicilla)
reintroduction in western Scotland, where a second release in 1990
followed early signs of population decline after the initial 1970s
release and helped successfully establish a breeding population42,43.
The effect of continuous large-scale translocations on sustaining the

source population warrants caution when applying ‘firework’ rein-
troductions in practice.

The disadvantage of the ‘sequential’ approach revealed in our
study aligned with another theoretical model44, which showed a
dramatic increase in extinction rate after the second (compared to
the first) bottleneck event. Empirically, sequential bottlenecked
populations have been found to suffer from reduced genetic
diversity, such as several second-order bottlenecked populations of
the New Zealand saddleback (Philesturnus carunculatus rufusater)
and the dice snakes (Natrix tessellata) illegally introduced into the
lakes north of the Alps in Switzerland45–47. This limitation, however,
can be mitigated by releasing a larger number of founders from
previously successfully reintroduced populations. In practice, con-
sistently translocating individuals from the source population is
often more difficult than from reintroduced populations. Therefore,
given constraints from policy regulations, limited time or financial
resources16,48,49, the ‘sequential’ approach can sometimes have a
practical advantage over the ‘firework’ approach.

Reintroduction programmes often combine the two approaches.
For example, the reintroduction of the Alpine ibex (Capra ibex) started
with the ‘firework’ approach to establish the first three wild popula-
tions in Switzerland12. After that, some secondary reintroductions
continued to follow the ‘firework’ approach, while others adopted the
‘sequential’ approach with founders taken from a single reintroduced
population. Genetic analysis, aligned with our model conclusion,
showed a stronger loss of genetic diversity in the secondary reintro-
duced populations following the latter approach. Our work under-
scores that theoretical analysis canhelpclarify ambiguousoutcomes in
empirical reintroduction programmes and make predictions to opti-
mise conservation strategies.
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Fig. 5 | The net effect of inbreeding depression on population recovery across
broadparameter rangesof juvenile and adultmortality. Forty-one avian species
(in black dots, see Table S1 for the full Latin name63) are mapped in the panels
according to their demographic rates (i.e., juvenile and adult mortality rates and
clutch size) to predict possible effects of inbreeding depression on restoration of a

bottlenecked population under our model assumptions. The coloured gradient,
ranging from light to dark orange, represents an increasing net effect of inbreeding
depression on the probability of population restoration. Population restoration
was not possible in the white areas.
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From a practical conservation perspective, our simulation out-
comes suggest that inbreeding-induced restoration failure is most likely
to occur during the early phase of population establishment. In suc-
cessful cases, both the population restoration and reintroduction
models exhibit similar dynamic patterns of the population-level
inbreeding coefficient (F). The rapid initial increase in F indicates that
severe inbreeding occurs due to the small population size. The average F
later reaches a plateau once the population overcomes the first hurdle,
accompanied by converging individual variation of F over the course of
time. This trend indicates that the population has entered a positive eco-
evolutionary vortex50. The reduction of individual variation in inbreed-
ing levels in the population is mainly caused by diminishing chances of
mating with close kin in an expanding population. This vortex also
contributes to the exponential growth in the simulations, aligned with
population dynamics in seven watershed subpopulations of crested
ibises51. However, such rapid recovery has not occurred in the Floreana
mockingbird Mimus trifasciatus and some other crested ibis
subpopulations51,52, probably due to factors including habitat quality
(related to density-dependent soft selection) or external threats, such as
predation risks and disease outbreaks. Our simulation findings provide
insights for conservation evaluation, especially for the recovery state of
closed populations or captive restoration programmes.

Our model also helps to further understand the effects of
inbreeding on population viability in general. It is often puzzling that
many populations show steady growth despite being marked by
known negative effects of inbreeding on reproductive fitness and
decreased genetic diversity23,32–34. Taylor et al.23 emphasised that cur-
rent population growth is not a reliable criterion for predicting
population viability, as genetic load created by inbreeding in the
spotted kiwi (Apteryx owenii) has resulted in reducedhatching success,
which was predicted to eventually break down the population. Simi-
larly, despite rapid population recovery, concerns arose after genetic
analyses confirmed high levels of inbreeding in the endangered black-
faced spoonbill (Plataleaminor)32. Results fromourmodel suggest that
considerable inbreeding does not necessarily hinder populations from
recovering from a bottleneck, especially for species with high survival
and reproductive rates. However, even with little or no impact of
inbreeding depression, populations with unfavourable demographic
rates, such as low survival and/or reproduction, can still face high
extinction risks, as for example seen in the continuous failed restora-
tion of the great bustard (Otis tarda), given its generally low survival
rates14. In the case of the crested ibis, along with remarkable con-
servation efforts, a combination of relatively low cost of inbreeding
and repeated reproduction attempts enabled by the species’ longevity
synergistically contributed to its rapid population recovery. Further-
more, the negative effects of high mortality rates and inbreeding
depression on population recovery can sometimes be compensated
for by large clutch sizes, showing the complex roles of different
demographic traits in influencing population viability. In general, our
results highlight that the impact of inbreeding on population viability
is dependent on the species’ demography, and thus both aspects
should be carefully consideredwhen predicting population viability or
attempting reintroduction schemes.

As demonstrated here, theoretical models offer a powerful and
feasible approach for analyses of empirical population restorations
and to be able to draw broader conclusions from them, information
that itself can be used to guide future conservation efforts. Whilst our
current model is tailored toward a crested ibis population, we
encourage future models to use inbreeding depression and demo-
graphic data from other species to draw more specific population
restoration predictions. For instance, in alignment with empirical evi-
dence from the crested ibis, we here simulate that inbreeding nega-
tively affects embryo development, but in other species, inbreeding
depression may affect different aspects of fitness. Other factors can
also be incorporated into such models, either to make more species-

specific predictions or to gain a more general understanding of the
range of factors that can influence population viability53. For example,
inbreeding-induced genetic purging5,54 or Allee effects55,56 could both
affect the restoration success of small populations. Allee effects have
been found to vary across populations of the crested ibis depending
on local geographic features and habitat quality56, highlighting that
incorporating spatial structure and environmental heterogeneity into
future models can also be informative. Despite the simplified
assumptions, our simulations across a broad demographic space
reveal a crucial but often overlooked role of demography in shaping
population viability, which can potentially signal species vulnerability
under current model premises. We encourage empirical studies to
collect more quantitative data on species-specific inbreeding effects
and demographic information, in combination with theoretical ana-
lyses such as the one presented here, that together can provide useful
insights into the development of successful conservation and popu-
lation restoration programmes.

Methods
Ethics declarations
All fieldwork was conducted under the guidance of the Ethics Com-
mittee of the Institute of Zoology, Chinese Academy of Sciences. The
collection of pedigree information and captivity datawaspermitted by
Dongzhai National Nature Reserve, and carried out in accordance with
the guidelines of the Institutional Animal Care and Use Committee of
the Institute of Zoology, Chinese Academy of Sciences.

Study system
The crested ibis is currently categorised as an endangered species in
the IUCN Red List of threatened species57. It was declared locally
extinct in Russia, Korea and Japan in the last century, and was redis-
covered in 1981 in a mountain village of Yang County, Shaanxi Pro-
vince, China. At the time, the wild population had only seven
individuals, including two breeding pairs, one of which had three
nestlings58. Since then, extensive conservation efforts—both in situ and
ex situ—have been undertaken. As of 2022, the crested ibis has offi-
cially been reported by the State Council of China to have recovered to
a population size exceeding 9000 individuals over the past 41 years36.

Quantification of the inbreeding effect
The empiricaldataset used in this studywas collected from theCrested
Ibis Breeding Centre at Dongzhai National Nature Reserve (DNNR) in
HenanProvince, China.A pedigreewas constructedbasedon recorded
breeding partnerships and parental information for 321 captive-bred
crested ibises from 2008 to 2023 using the R package ‘pedantics’59.
Individual inbreeding coefficients were calculated from this pedigree
using the same package, yielding a population mean of 0.17 (95% CI:
0.155-0.175). We used mixed linear models to quantify the effects of
inbreeding on fitness during early-life stages—specifically fertilisation,
hatching, and fledging (see Supplementary Notes for details of the
statistics). The effects of inbreeding on juvenile and adult survivalwere
not estimated due to the lack of such information for birds living in
captivity. Instead, we used simulations to explore the potential effects
of inbreeding on mortality rates at different life stages and evaluate
how this affects population restoration dynamics (Fig. S6).

Field data collection for estimating demographic parameters
Breeding biology information was collected from the wild crested ibis
population derived from the 122 individuals released at Dongzhai
National Nature Reserve since 2014. We monitored breeding activity
throughout the breeding season from February to June during
2021–2023. The crested ibis nests were searched over 549.66 km2 of
mountainous terrain. Most nests were found in Masson pine (Pinus
massoniana), with an average nest height of 12.58 ± 1.70m (N = 33
nests). Nests were checked every other day via binoculars or drones
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(DJI Mini 4 Pro) to identify clutch size, the number of hatchlings
(30 days after clutch completion) and the number of fledglings
(42 days after hatching). Daily survival rate (DSR) was estimated using
the RMark package in R60,61. A total of 40 nests were continuously
monitored in the wild. Those with incomplete records were excluded
from downstream analyses. Juveniles (22 individuals) and adults (40
individuals) were tracked with GPS devices (HQBG3621L, from Hunan
Global Xinshi Technology Co., Ltd.).

Demographic parameters used in the model include clutch size,
nest survival rate, hatching success,fledging success, and themortality
rates of juveniles and adults. The wild individuals originated from
released offspring of the captive population living in the same nature
reserve, and thus are likely to share similarfitness effects of inbreeding
as the captive population. Details on how these demographic para-
meters were estimated are provided in the Supplementary Note.

Calculating inbreeding coefficients from a simulated pedigree
The inbreeding coefficient F measures the level of inbreeding, which is
the probability that two alleles at a given locus in an individual are
identical by descent from a common ancestor. This can be estimated by
analysing the pedigree to track the kinship of all common ancestors of
an individual’s parents. We calculated inbreeding coefficients by con-
structing a numerator relationship matrix (A) using the tabular
method62. Specifically, all individuals in the pedigree were numbered
from 1 to N, and the N × N matrix A contains the pairwise relationship
coefficients between any two individuals. The diagonal element corre-
sponding to a focal individual i is given by ai, i = 1 +0:5aip , iq

, where ip and
iq are the parents of the focal individual i, located in thep-th and q-th row
of thematrix; and aip , iq

is thus the relationship coefficient between them
(Supplementary Methods). The off-diagonal entries in the lower triangle
of A are computed recursively as ai, j =0:5ðai, jp

+ai, jq
Þ, where jp and jq

are the parents of individual j. Following this method, all elements of A
can be generated through pedigree tracking. The inbreeding coefficient
of individual i is then derived from its corresponding diagonal element
in A by Fi = ai,i − 1. We programmed the pedigree matrix and the cal-
culation of F in C++ (version 22) using amemory-efficient algorithm that
significantly reduced the storage demands for thematrix. The algorithm
pseudo-code is provided in the Supplementary Methods, and the C++
code is accessible in the Zenodo repository40.

Model simulation details for crested ibis restoration
We parameterised the individual-based model based on the breeding
system and demographic data of the crested ibis. Simulations were
initiatedwith a small population of seven individuals from two families
—two breeding pairs, one ofwhichhad three nestlings—resembling the
population state when the species was rediscovered in the wild in
198135. Because the kinship between the four adult founders was
unknown, we explored different assumptions about their relatedness
(i.e., full siblings, half siblings, and unrelated; Fig. S5). Pedigree analysis
of one sampled population revealed that inbreeding primarily reduced
brood hatching success, with no significant influence on fertilisation
success or nestling survival (relevant analyses are provided in the
Supplementary Note and the Zenodo repository40). We therefore
model only the effect of inbreeding depression on hatching success
here, but consider the effect of inbreeding depression on different life
stages in the Supplementary Method and Fig. S6. We modelled the
average number of hatchlingsVper brood as a functionof clutch sizeC
and inbreeding-dependent hatching success, as follows:

V =CðH0 � s0FÞ, ð1Þ

where H0 is the baseline hatching success, s0 quantifies the negative
effect of inbreeding depression, and F is the inbreeding coefficient.We
performed a sensitivity analysis to explore how the parameterisation
of s0 affects the simulated outcomes of population recovery (Fig. S4).

The number of fledglings was drawn from a Poisson distribution
with a mean value of VR0, where R0 represents the fledging success of
the hatchlings. We also incorporated the empirical nest survival rate
Rn, which reflects the probability a nest survives the breeding season
without complete reproductive failure due to damage or predation. As
crested ibises remain in the juvenile stage without breeding for two
years, we modelled mortality rates across three life stages based on
empirical data: first-year juvenile (j1), second-year juvenile (j2), and
adult (a). The values of all parameters are listed in Fig. 1. The survi-
vorship of juveniles and adults in the population after a breeding
season is determined by sampling a Bernoulli distribution with their
corresponding life-stage-dependent mortality rates as the mean. Sur-
vivors enter a new breeding cycle, except for newborns and first-year
juveniles. Simulations were terminated once the population reached
9000 individuals to compare the simulated population recovery with
the empirical restoration outcomes. We here assumed no carrying
capacity for population growth, but density-dependence as a type of
soft selection could potentially hinder population recovery by nega-
tively affecting individual fitness41. We therefore explored the effects
of how density regulation can affect population recovery in the Sup-
plementaryMethod, Fig. S7 andFig. S8. All simulation codewaswritten
in C++ and is available in the Zenodo repository40. Simulation and
empirical data were analysed and visualised in R 4.2.2.

Model analysis 1: comparing the ‘firework’ and ‘sequential’
reintroduction approaches
Based on the crested ibis model, we developed a reintroduction ana-
lysis that includes two model variants to compare the conservation
effectiveness of two applied reintroduction strategies, the ‘firework’
approach and the ‘sequential’ approach. In each independent simula-
tion of the ‘firework’ approach, we first generated a source population
containing over 1000 individuals using the core crested ibis model.
From this population, a fixed number of founder pairs were randomly
sampled ten times to initialise ten independent reintroduction events.
Each reintroduction event was terminated when the population either
recovered toover 1000 individuals orwent extinct.We testeddifferent
founding population sizes, ranging from three to 13 pairs, and simu-
lated each scenario ten times.

To evaluate the impact of immigration on reintroduction out-
comes, we ran additional simulations by simultaneously translocating
groups of founders following two alternative processes: (1) translo-
cating founders to establish a new population with no subsequent
immigrants (same as the ‘firework’ simulations described above); (2)
translocating founders to establish a new population and adding the
same numbers of new immigrant pairs from the source population to
the new population every three years for five rounds (i.e., in years 3, 6,
9, 12 and 15). We simulated scenarios with three and 11 pairs of rein-
troduced founders for these two alternatives, which led to four new
populations being established simultaneously. The simulations were
terminated once any of the four reintroduced populations reached
1000 individuals. Each combination was run for ten replicates.

In the ‘sequential’ approach, founders were always taken from the
most recently recovered population that had reached 1000 indivi-
duals, creating a series of reintroductions. The number of founder
pairs also ranged from three to 13. Each reintroduction proceeded
sequentially: a new round began after the previous reintroduced
population had recovered. Simulations were terminated either after 10
rounds of successful reintroduction or when a newly reintroduced
population went extinct. We ran 50 independent simulation replicates
for each number of founder pairs.

Model analysis 2: evaluating the more general impact of
inbreeding on species-specific demography
To evaluate the net effects of inbreeding depression on the probability
of population recovery in a bottleneck scenario, we implemented two
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model variants: hatching success declines with inbreeding (s0 = 1), and
inbreeding has no effect on hatching success (s0 = 0). To generalise
beyond the crested ibis, we excluded ibis-specific parameters such as
nest survival and fledging success, and varied other demographic
parameters across wider ranges: the mortality rate of juveniles (mpj

)
and adults (mpa

), and clutch size (Cp) (Table 1). Specifically, we
explored 11 values ofmpa

, 17 values ofmpj
, and six values ofCp, with full

factorial combinations, and each unique combination was simulated
with 100 independent replicates. Simulations began from a small,
unrelated founding population consisting of three unrelated pairs. All
individuals older than one year were allowed to breed. The linear
correlation between inbreeding coefficients and hatching success was
kept the same as in the crested ibis population restoration model, as
relevant data for other species were unavailable. Nest failure and
hatchling death were also excluded for simplicity and generality. To
contextualise the model outcomes, we mapped 41 avian species with
available stage-dependent mortality data from the COMADRE Data-
base (2024) (Available from: https://www.compadre-db.org/[15 July
2024, Version 4.23.3.1]) to the simulation outcomes to provide impli-
cations of varied inbreeding effects on species with diverse demo-
graphic rates under our model assumptions. From all available avian
data in COMADRE, we filtered species to ensure they were not too
dissimilar in life-history to the crested ibis, such that we can explore
parameter space beyond that of our focal species while ensuring that
themodel remains a biologically appropriate tool to do so. Specifically,
we includedonly specieswith lifespans exceeding 10 years and average
clutch sizes between one and six. As a larger clutch size contributes to
improved restoration success (see Fig. 5), we rounded the average
clutch size up to the next integer (rather than the closest integer) for all
the species mapped to the simulation outcomes, to be more con-
servative in attributing the extinction risk to the effects of inbreeding
and juvenile and adult mortality.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All simulation outcomes and empirical data used for producing the
results in this study have been deposited in the Zenodo repository:
https://doi.org/10.5281/zenodo.18049101.

Code availability
All simulation and analysis codes supporting the findings of this study
are accessible on Zenodo: https://doi.org/10.5281/zenodo.18049101.
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