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Abstract 

Background: One of the most challenging tasks in wildlife conservation and management is clarifying which and 
how external and intrinsic factors influence wildlife demography and long-term viability. The wild population of the 
Crested Ibis (Nipponia nippon) has recovered to approximately 4400, and several reintroduction programs have been 
carried out in China, Japan and Korea. Population viability analysis on this endangered species has been limited to the 
wild population, showing that the long-term population growth is restricted by the carrying capacity and inbreeding. 
However, gaps in knowledge of the viability of the reintroduced population and its drivers in the release environment 
impede the identification of the most effective population-level priorities for aiding in species recovery.

Methods: The field monitoring data were collected from a reintroduced Crested Ibis population in Ningshan, China 
from 2007 to 2018. An individual-based VORTEX model (Version 10.3.5.0) was used to predict the future viability of the 
reintroduced population by incorporating adaptive patterns of ibis movement in relation to catastrophe frequency, 
mortality and sex ratio.

Results: The reintroduced population in Ningshan County is unlikely to go extinct in the next 50 years. The popula-
tion size was estimated to be 367, and the population genetic diversity was estimated to be 0.97. Sensitivity analysis 
showed that population size and extinction probability were dependent on the carrying capacity and sex ratio. The 
carrying capacity is the main factor accounting for the population size and genetic diversity, while the sex ratio is the 
primary factor responsible for the population growth trend.

Conclusions: A viable population of the Crested Ibis can be established according to population viability analysis. 
Based on our results, conservation management should prioritize a balanced sex ratio, high-quality habitat and low 
mortality.
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Background
Reintroduction aims to establish a viable population of 
the focal species within its indigenous range (IUCN/SSC 
1998,2013). However, any reintroduction projects may 
fail to establish populations owing to either external or 
intrinsic factors that influence wildlife demography and 

long-term viability in different establishment phases 
(Armstrong and Seddon 2008; Robert et al. 2015). In par-
ticular, small and isolated populations are more at risk of 
extinction by the additional threats of chance events, such 
as demographic, environmental, genetic stochasticities, 
and catastrophic events. In these situations, population 
viability analysis (PVA), as an effective tool to assess the 
fates of populations under various scenarios of the deter-
ministic forces and chance events, has been widely used 
in conservation biology for many endangered mammals 
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and birds (Song 1996; Brook et  al. 2000; Perkins et  al. 
2008; Hernandez-Camacho and Trites 2018; Kimanzi 
2018; Brook et  al. 2019; Blazquez et  al. 2020; Fryxell 
et al. 2020; He et al. 2020). Specifically, PVA can provide 
some information about population dynamics, such as 
population size, extinction probability and genetic diver-
sity change. For example, the viability of a reintroduced 
Bearded Vulture (Gypaetus barbatus) population was 
mainly affected by mortality and artificial supplementary 
release (Bustamante 1996). The current population of 
the Oriental White Stork (Ciconia boyciana) has a 12.5% 
extinction probability in the next 100 years. Additionally, 
nestling mortality and the proportion of adult females 
involved in reproduction greatly impact population 
growth (Sung et al. 2012). The PVA results of the West-
ern Lowland Gorillas (Gorilla gorilla gorilla) suggested 
that the reintroduced gorilla populations have a reason-
able chance of persistence over 200  years, but the rein-
forcement of the populations could significantly improve 
probabilities of population persistence and retention of 
genetic diversity (King et al. 2014). Simulation results of 
PVA of the Sharp-tailed Grouse (Tympanuchus phasi-
anellus) showed that, in a fixed scenario, improvement 
of habitat quality could facilitate the establishment of a 
minimum viable population by increasing fecundity and 
wintering survival (Milligan et al. 2018).

In the case of the Crested Ibis (Nipponia nippon) 
whose population once was thought to be extirpated 
(Archibald et al. 1980), its wild population has recovered 
to approximately 4400 (Shaanxi Hanzhong Crested Ibis 
National Nature Reserve, unpublished data) and several 
reintroduction programs have been successively carried 
out in China (Yu et al. 2015), Japan (Nagata and Yamagi-
shi 2016) and Korea (Yoon and Choi 2018). However, up 
to date, population viability analysis on the endangered 
species has been limited to the wild population, showing 
a probability of extinction of 19.7% by 2097; long-term 
population growth is restricted by the carrying capacity 
and inbreeding, as it is more sensitive to catastrophes and 
habitat conditions (Li and Li 1998). A reconstructed PVA 
model predicted that the wild population would not go 
extinct in the next 50 years and revealed that population 
growth is significantly affected by the carrying capacity 
(Li 2013). Differences in the parameters used in the two 
PVA models led to variable prediction results.

Since the first reintroduction of the Crested Ibis in 
Ningshan, Shaanxi, China (Yu et al. 2009), new pair for-
mations have continued to occur, and the number of 
fledglings and the distribution range has continued to 
increase. More recently, the population has survived 
the establishment stage, with high post-release dispersal 
and low survival, and it is now considered to be at the 
persistence stage (Huo et  al. 2014; Yu et  al. 2015; Dong 

et al. 2018). A recent study on the survival showed that 
the number and the range of the reintroduced popula-
tion gradually increased without further releases (Li et al. 
2018). Moreover, stochastic estimations of the popula-
tion growth rate and population size simulated from an 
age-classified Leslie matrix indicated that the reintro-
duced population is likely to be at regulation phase over 
the next 25  years (Wang et  al. 2017). However, gaps in 
knowledge of the viability of this population and its driv-
ers in the release environment impede the identification 
of the most effective population-level priorities for aiding 
in species recovery. Here, we used a VORTEX model to 
simulate how the future dynamics of the population in 
the next 50  years to determine the key factors affecting 
its survival through sensitivity analysis. The process we 
used can serve as an example for developing a framework 
of conservation priorities on the population level.

Methods
Study area
The fieldwork was conducted in Ningshan County 
(33° 07′  09″‒33° 50′  32″ N, 108° 02′  15″‒108° 56′  44″ E) 
of Shaanxi Province, which is located on the southern 
slope of the Qinling Mountains, China. The county is 
an important transportation hub connecting the Weihe 
Valley with the Sichuan-Chongqing region. Natural con-
ditions of the study area have been reported in detail 
elsewhere (Yu et al. 2015). Most individuals of the rein-
troduced population were found in the middle reaches of 
the Changan River, one of the tributaries of the Hanjiang 
River (Li et al. 2018).

Study population
A total of 56 captive-bred individuals (27 females, 29 
males) from two captive Crested Ibis populations were 
released to the wild from 2007 to 2011 (Yu et al. 2015). 
In addition, five individuals from the wild population in 
Yang County immigrated to Ningshan County through 
natural dispersal. By the end of the breeding season in 
2020, a total of 220 offspring have fledged in Ningshan 
County. All released individuals and more than 95% 
of the wild-born fledglings were marked with colored 
alphanumeric plastic bands (provided by the National 
Bird Banding Center of China) for field identification of 
their age and sex (Yu et al. 2015). Prior to release, eleven 
individuals were equipped with lightweight radio trans-
mitters (model RI-2D; frequency 216.368‒216.691 MHz; 
battery life ~ 18 months; Holohil Systems, Carp, Ontario, 
Canada) and two ibises with GPS trackers (Hunan Global 
Messenger Technology Co., Ltd., HQBG2512S) to moni-
tor their subsequent fates.
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Population modeling
A VORTEX model (Version 10.3.5.0) for PVA, specific to 
vertebrates with a long lifespan and low fecundity (Miller 
and Lacy 2005), was used to predict dynamics of small 
populations as well as the future probability of popula-
tion extinction. The PVA model has the potential to sim-
ulate the fates of each individual and gene flows among 
generations based on various random variables such as 
demographic, environmental, catastrophic and stochastic 
genetic events (Lacy 1993).

The demographic parameters in the VORTEX model 
were estimated based on the monitoring data of rein-
troduced Crested Ibis population from 2007 to 2018 
(Table 1), and the model was used to simulate population 
dynamics over the next 50  years after 2018 to estimate 
the influencing parameters by the standard sensitivity 
index (Sx) (Lacy 1993; Mccarthy 1995; Reed et  al. 1998; 
Akcakaya and Sjögren-Gulve 2000; Morris and Doak 
2002).

The current populations of the Crested Ibis including 
wild, captive and reintroduced populations were derived 
from seven individuals approximately 40  years ago, so 
each of them is an inbred population (Li et al. 2014; Feng 
et al. 2019; Fu et al. 2019). However, the Crested Ibis has 
survived the negative effect of inbreeding depression, and 
its distribution range and population size progressively 
expanded. It may be that the protracted inbreeding his-
tory has facilitated the purging of deleterious recessive 
alleles (Zhu et al. 2018). And gene mutation and natural 
selection can also eliminate the harmful recessive genes 
(Byers and Waller 1999; Keller and Waller 2002). The pre-
vious study on the wild Crested Ibis population showed 
that inbreeding has no significant impact on population 
growth (Li 2013). Therefore we assumed that the lethal 
equivalent value to zero for each diploid in the target 
population. The study population had a balanced sex 
ratio (1:1) in the initial population completely composed 
of captive-bred individuals, as well as the current popula-
tion including released ibises and wild-born individuals. 
Population extinction was defined as all individuals of 
one sex are disappeared.

We assumed that Crested Ibis would be density-
dependent, given that it is a territorial bird with limited 
nesting sites and food sources. Thus, the formula used in 
the VORTEX model was:

in which P(N) is the percentage of adult female breed-
ers when the population size is N; P(K) is the percent-
age of adult female breeders at carrying capacity (K); A is 
Allee parameter, which accounts for the decrease in the 
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proportion of female breeders at low densities because of 
the increased difficulty of finding a mate at low popula-
tion densities; And P(0) is the percentage of adult female 
breeders at low densities when there is no Allee effect. 
The previous study revealed that there has a weak Allee 
effect (Chen 2018) and a positive annual growth rate in 
the target population (Wang et  al. 2017), therefore we 
assumed the parameter A to be zero. From 2007 to 2012, 
the focal ibis population, with a small size, was at the 
establishment stage (Additional file  1: Table  S1), there-
fore we set P(0) to 35.70. For the territorial Crested Ibis 
with limited nesting sites and food sources, there will be 
intense intraspecific competition when the population 
size is close to the carrying capacity which may affect the 
number of female breeders in the population due to the 
limited availability resources (Henle et al. 2004). Thus, we 
assumed an ideal value of P(K) is 50%. The parameter B 
was set to 2, which means that P(N) is a quadratic func-
tion of N. This function was commonly used to simulate 
the growth of a population with density dependence 
(Ralls et al. 1988).

Two types of catastrophes faced by our study popula-
tion are floods and spring cold weather. Floods will inun-
date paddy fields, which will seriously affect Crested Ibis 
foraging, and the spring cold weather will threaten the 
chicks and reduce the food abundance. Based on mete-
orological data and reports of Ningshan County, the 
frequency of flood and spring cold weather are approxi-
mately 14% and 15%, respectively. The effect of catas-
trophes on the reproduction and survival of Crested 
Ibis in Ningshan is unclear, so we assumed that 90% of 
the individuals survived a catastrophe and of those that 
survived, reproduction was reduced by 10% in the year 
of the catastrophes. Due to the wide range of Crested Ibis 
activities and understrength monitoring personnel, there 
is no detailed mortality data of Crested Ibis in Ningshan 
County at present. We used the survival of adults, sub-
adults, and chicks to calculate the maximum mortality, 
and survival was 0.941, 0.849, and 0.549, respectively 
(Wang 2015). Therefore, the maximum mortality of 
adults, subadults, and chicks was roughly estimated to 
be 5.9%, 15.1% and 45.1%, respectively. To measure the 
impact of catastrophes on the population, we increased 
or reduced the frequency of catastrophes by 10% and 
50% from the original baseline value. In the same way, 
the mortality rate of each age class was increased or 
decreased by 10%, to measure the impact of the mortality 
on the population.

In a previous study, the total area of suitable habitats 
in Ningshan County was estimated to be 167.36   km2 
using MaxEnt model (Wei 2020). The wild Crested 
Ibis population growth in the core nesting range may 
have been experiencing the suppression from the 
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Table 1 Parameters of the VORTEX model used to simulate Crested Ibis population growth

#: number; EV: environmental variability

Variable Explanation or notes Default values

# of iterations # of times the simulation is run 500

# of years # of years the population is modeled 50 (2019‒2068)

Extinction definition How extinction is defined in the model Only one sex remains

# of populations # of populations to be modeled 1

Inbreeding depression The level and effect of inbreeding depression Yes

Lethal equivalents The severity of inbreeding depression 0

EV concordance of reproduction and survival The concordance between reproduction and survival 
in different populations

Not applicable—only 1 population modeled

Dispersal rate The rate of dispersal between populations Not applicable—only 1 population modeled

Reproductive system The mating system Monogamy (Zhai et al. 1994)

Age at 1st reproduction in females Age at which females begin breeding 2 (Zhai et al. 1994)

Age at 1st reproduction in males Age at which males begin breeding 2 (Zhai et al. 1994)

Maximum age at reproduction Age of females/males when breeding ceases 15 (Yu et al. 2007)

Maximum # of progeny produced/year Maximum # of offspring produced by females each 
year

5 (Zhai et al. 2001)

Sex ratio at birth Sex ratio of offspring at hatching 1:1

Density dependence of reproduction The relationship between reproduction and popula-
tion density

Yes

P(0) % adult females breeding at low density 35.70% (Additional file 1: Table S1)

P(K) % adult females breeding at carrying capacity 50.00% (estimates)

A Allee parameter 0 (Chen 2018)

B Steepness parameter 2 (Ralls et al. 1988)

Proportion of adult females breeding The percentage of adult females that breed each year (35.7 − ((35.7 − 50) × ((N/K)2))) × (N/(0 + N))

EV in % breeding EV in % of adult females breeding each year 10% set as default

Distribution of # of offspring/female Statistical distribution characterizing the # of offspring 
produced

Specify exact distribution

1. Offspring
2. Offspring
3. Offspring
4. Offspring
5. Offspring

Percentages of females with certain numbers of 
offspring

1.25%
10.00%
32.50%
53.75%
2.50% (Additional file 1: Table S2)

Female mortality Mortality rates of females, specified for three age 
classes (0–1, 1–2, and 2+) by the mean and SD

For baseline: 0–1, 45.1%; 1–2, 15.1%; 2+, 5.9% (Wang 
2015); SD set at 10% of the mean as default

Male mortality Mortality rates of males, specified for three age classes 
(0–1, 1–2, and 2+) by the mean and SD

Identical to female mortality

Number of catastrophes Each type of catastrophe is implemented separately 
and occurs independently

2

Catastrophe frequency Frequency of catastrophes affecting the population Catastrophe 1: 14%
Catastrophe 2: 15%

Catastrophe severity Reduction in survivorship/reproduction as a result of 
the catastrophe

Catastrophe 1: reduction in survivorship/reproduc-
tion: 0.1/0.1

Catastrophe 2: reduction in survivorship/reproduc-
tion: 0.1/0.1

Mate monopolization % of adult males breeding/year 28.11% (Additional file 1: Table S1)

Initial population size The number of individuals at the beginning of the 
simulation

150 (population size in 2018)

Age distribution of initial population Distribution of individuals by age at the beginning of 
the simulation

Stable age distribution

Carrying capacity The carrying capacity of the environment 420 (estimates)

Harvest Whether individuals were removed from the popula-
tion

No harvest

Supplementation Whether individuals were added to the population No supplementation
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environment capacity at present, with the nesting den-
sity in the core range of 0.73  nests/km2 (Wang et  al. 
2020), namely average home-range size for each breed-
ing pair was approximately 1.37  km2 in the wild popu-
lation. The home-range size was restricted by the food, 
space, and other habitat environmental factors. Yangx-
ian County can provide sufficient food resources for 
the Crested Ibis through dense water systems, paddy 
fields, and diverse vegetation cover types. However, the 
breeding and foraging grounds used by ibises in our 
focal population are located in intermontane basins 
that are often developed for use as paddy fields and 
interspersed with hills (Yu et al. 2015). The food abun-
dance and availability of the Crested Ibis in Ningshan 
County is lower than that of Yang County. Accord-
ing to the average home-range size of the wild popu-
lation and the difference of food resources between 
the two habitats, the home-range size of Crested Ibis 
in the study area is bigger than that in Yang County. 
Therefore, we estimated the average territory area of 
a breeding pair is estimated to be 2   km2. The average 
number of fledgelings per nest is roughly estimated to 
be 3. Thus, we estimated the carrying capacity (K) of 
Ningshan County to be 420 ± 80 individuals, includ-
ing 84 breeding pairs, with approximately three young 
birds fledged per nest.

Results
In our simulation, the reintroduced ibis population is 
unlikely to go extinct but exhibits a stead growing trend 
within the next 50  years. Under current natural condi-
tions, the intrinsic rate of increase (r) of the popula-
tion was estimated to be 0.084 with an SD (r) of 0.071. 
The number of individuals will increase to 367, and the 
genetic diversity of the population will drop to 0.97 by 
the end of the next 50 years.

The sensitivity index (Sx) of the population clearly 
showed that carrying capacity, sex ratio, frequency 
of catastrophes, and mortality were the four factors 
accounting for the population parameters (Table 2).

The carrying capacity and sex ratio have great effects 
on population size and extinction probability. If the car-
rying capacity was set to double or halve the current car-
rying capacity, the simulation results showed that the 
carrying capacity is the main factor restricting the pop-
ulation size. The smaller the carrying capacity hold, the 
shorter the duration required for the population to reach 
the K value (Fig. 1a–c). The carrying capacity also affects 
the genetic diversity of the population. When the carry-
ing capacity is reduced to half of the baseline value, the 
genetic diversity of the population is significantly differ-
ent from that of the initial population (one-way ANOVA: 
F2,147 = 28.614, P < 0.05) (Fig. 2). We set six conditions of 
sex ratio imbalance to simulate population dynamics, and 
the results showed that if the sex ratio becomes extreme 

Table 2 Results of different model parameters during the next 50 years and sensitivity analysis

Description Growth rate (r ± SD) Extinction probability 
(%)

Final population size Sensitivity index (Sx)

Present conditions 0.084 ± 0.071 0 367 –

K = 840 0.083 ± 0.069 0 724 0.9728

K = 210 0.081 ± 0.080 0 178 1.0300

Females:males = 1:2 0.085 ± 0.091 0 353 − 0.1142

Females:males = 2:1 0.024 ± 0.071 0 286 0.6608

Females:males = 1:3 0.034 ± 0.092 0 286 − 0.4414

Females:males = 3:1 − 0.017 ± 0.085 1 82 1.5531

Females:males = 1:4 − 0.012 ± 0.098 6 114 − 1.1490

Females:males = 4:1 − 0.037 ± 0.098 13 28 1.5395

10% higher frequency of catastrophes 0.080 ± 0.073 0 358 − 0.2452

10% lower frequency of catastrophes 0.087 ± 0.070 0 362 0.1362

50% higher frequency of catastrophes 0.066 ± 0.081 0 350 − 0.0926

50% lower frequency of catastrophes 0.100 ± 0.061 0 371 − 0.0218

10% higher adult mortality 0.081 ± 0.073 0 362 − 0.1362

10% lower adult mortality 0.088 ± 0.071 0 363 0.1090

10% higher subadult mortality 0.081 ± 0.072 0 362 − 0.1362

10% lower subadult mortality 0.086 ± 0.071 0 361 0.1635

10% higher fledgling mortality 0.069 ± 0.073 0 352 − 0.4087

10% lower fledgling mortality 0.096 ± 0.072 0 370 − 0.0817
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imbalanced, the population size will increase slowly over 
the next 50 years or even decline to the brink of extinc-
tion (Table 2, Fig. 1d–i). When the sex ratio has shifted 
to females or males to the same degree (such as 25% male 
vs. 75% male), the population shows an opposite growth 
trend (Table 2, Fig. 1f, g).

The results showed that although the frequency of 
catastrophes will not have a significant impact on popu-
lation size, it will prevent the population from reaching 
the carrying capacity. That is the higher the frequency of 
catastrophes, the longer the population takes to reach the 
expected K value (Fig. 3). Sensitivity analysis of mortality 

Fig. 1 Impact of different model parameters on the reintroduced population size. The data graph shows a present conditions, b K = 840, (c) 
K = 210, d females:males = 1:2, e females:males = 2:1, f females:males = 1:3, g females:males = 3:1, h females:males = 1:4, and i females:males = 4:1

Fig. 2 Impact of carrying capacity on genetic diversity during the next 50 years. Three scenarios are imagined: the carrying capacity is 420 (blue), 
840 (orange), and 210 (green), respectively
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rates for each age class showed that changes in infant 
mortality had a greater impact on future population 
growth than changes in other age groups (Table 2).

Discussion
Since the release of 56 captive-reared Crested Ibises in 
2007, long-term monitoring has been conducted to col-
lect various types of field data. However, it is difficult to 
exactly quantify the mortality and a total number of indi-
viduals due to the large range of individual activities. In 
addition, we estimated the current population size to be 
approximately half of the carrying capacity. As a result, 
the parameters in the model, such as K and P(K), need 
to be roughly estimated. In conclusion, a certain amount 
of bias in simulation results may be produced because of 
insufficient field data.

According to the simulation results of the PVA model, 
the population size will constantly increase in the next 
20  years, which means that the population will have 
reached the maximum carrying capacity. The popula-
tion is resistant to slight fluctuations of catastrophe fre-
quency, mortality, and sex ratio, indicating that it can 
also become a self-sustaining population without further 
releases. Despite being consistent with the results of pop-
ulation sustainability analysis, the population growth rate 
may still be affected by the following factors.

Impact of inbreeding depression
Inbreeding depression, commonly occurred in small pop-
ulations, may lead to the decrease of population genetic 
diversity by increasing the frequency of homozygosity 

of harmful alleles. As a result, the reduced adaptability 
of offspring is likely to increase the risk of population 
extinction (Ellstrand and Elam 1993; Fischer et al. 2003).

However, under current circumstances, some stud-
ies indicated that the Crested Ibis has evolved a series of 
mechanisms to avoid inbreeding, such as dispersal and 
kin recognition (Macdonald and Johnson 2001; Liu and 
Zhang 2008). Besides, genetic diversity in small popu-
lations is also affected by genetic drift that can reduce 
the frequency of harmful genes (Bortoluzzi et  al. 2020). 
Based on the current study and population status, we set 
the model parameters—lethal gene equivalent to zero in 
the present study. Therefore, the predicted population 
size might slightly overestimate the actual status of the 
population in the future. Combination of genetic diver-
sity study with PVA should be made to estimate the exact 
lethal gene equivalent by investigating the relationship 
between observed heterozygosity and inbreeding coef-
ficient, allowing more accurate prediction of the future 
dynamics for the ibis populations.

Impact of carrying capacity
In the sensitivity analysis, the higher sensitivity index 
occurs when the carrying capacity changes (Table  2), 
indicating that the carrying capacity has a great impact 
on the population size. From the results, we inferred 
there is a great potential for an expansion of the popu-
lation, when the carrying capacity of the Crested Ibis 
is great. So carrying capacity is one of the primary fac-
tors restricting population size. The genetic diversity of 
the population can also be influenced by the carrying 

Fig. 3 Impact of different catastrophe frequencies on the population size. The data graph shows a baseline value of frequency of catastrophes, 
b frequency of catastrophes increased by 10%, c frequency of catastrophes decreased by 10%, d frequency of catastrophes increased by 50%, e 
frequency of catastrophes decreased by 50%
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capacity because the mutation rate of small populations 
is much lower than its loss rate (Lande and Barrowclough 
1987). When the mutation rate and loss rate of one popu-
lation are at the same level under a certain scale of popu-
lation size, the population can be adaptive to the change 
of environment and survive for a long time (Fan and 
Jiang 2007). Therefore, increasing the carrying capacity 
can increase the genetic heterozygosity of a population, 
which is beneficial to the long-term population growth.

Because of different emphases of the spatial carrying 
capacity and nutrient carrying capacity, the estimation 
results may vary to a great extent (Mentis and Duke 1976; 
Wallmo et  al. 1977; Hobbs et  al. 1982). For example, 
when estimating carrying capacity from the perspective 
of territory area, habitat fragmentation should be taken 
into account (Haila 2002; Wu and Li 2003). Carrying 
capacity may become smaller with the increase of habi-
tat fragmentation, thus much attention should be paid to 
the edge effect caused by habitat fragmentation (Tallmon 
and Mills 2004). As for the present study, the carrying 
capacity of our focal population still remains unclear. 
Hence, more accurate estimation on the carrying capac-
ity of the ibis population can be achieved by constructing 
the mathematical models under varied landscape scale 
in combined with individual nutrient requirements and 
habitat nutrient supply.

Effect of sex ratio
At present, the age structure of the Crested Ibis popula-
tion in Ningshan County seems to be reasonable, with 
the sex ratio roughly at 1:1 (Li et al. 2018). The sensitivity 
analysis showed that the population size is highly sensi-
tive to the sex ratio, which means that a certain degree of 
sex ratio deviation will exert a great impact on the subse-
quent fate of the population.

There is a varied impact of the sex ratio on popula-
tion size of the current and wild population (Li 2013). A 
sex ratio imbalance of the same proportion (such as 25% 
male) will lead to a decline in the natality of Ningshan ibis 
population and then population extinction. However, the 
size of wild population in Yang County will only increase 
slowly, which may be due to the fact that the current 
population size of Ningshan County is much smaller than 
that of Yang County. Our results also showed that when 
the population sex ratio skews to males or females to the 
same extent (such as 25% male vs. 75% male), the popula-
tion exhibits the opposite trend of increase or extinction, 
respectively. Under the influence of model parameter 
“mating monopoly”, when there are fewer males in the 
population, the mating probability of the adult males is 
higher than that of the original model parameters, which 
may lead to an underestimation of simulation.

Conservation and management recommendations
Despite the initial successful reintroductions of the 
Crested Ibis in China, no predictive framework is 
available to quantify which general plan is vital to 
the recovery of the Crested Ibis within their former 
range. The present population is considered to be at 
the persistence stage, but threats at the population and 
metapopulation level remain. Some conservation man-
agement strategies that need to be addressed are listed 
as follows.

Nature reserves should be established to improve 
habitat quality in order to increase the carrying capac-
ity. Additionally, local farmers should be encouraged 
to cultivate larger areas of paddy fields to ensure ade-
quate food supply for the Crested Ibis. At the metap-
opulation level, habitat restoration and expansion are 
pressing issues for facilitating dispersal to promote 
individual exchanges between the wild and reintro-
duced populations. Priority should be given to deter-
mining the effects of predators on population dynamics 
and unknown reasons for individual mortality. Laws 
and regulations associated with management should be 
publicized, and punishment for illegal activities should 
be strictly enforced. Public education should be imple-
mented to raise awareness of wildlife conservation.
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