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Abstract

Background: Breeding dispersal is an important ecological process that affects species’ population dynamics and
colonization of new suitable areas. Knowledge of the causes and consequences of breeding dispersal is fundamental
to our understanding of avian ecology and evolution. Although breeding success for a wild and reintroduced popula-
tion of the Crested Ibis (Nipponia nippon) has been reported, the relationships between individuals’ breeding dispersal
and their breeding success, age and sex remain unclear.

Methods: Ibises breeding dispersal distance, which is the distance moved by adults between sites of reproduction,
was estimated based on the observations of consecutive breeding sites of marked ibis individuals. From observational
and capture-recapture data (n = 102) over 9 years, individuals' breeding dispersal probability in relation to age, sex,
and reproductive success was analyzed via a generalized linear mixed effect modeling approach.

Results: Our results show that 55% males and 51% females keep their previous territories following nesting success.
Failed breeding attempts increased dispersal probabilities. Both females and males failed in breeding were more likely
to disperse with greater distances than successful birds (females: 825+£216 m vs 196+ 101 m, males: 372+ 164 m

vs 2104127 m). Crested Ibis exhibited a female-biased dispersal pattern that the mean dispersal distance of females
(4354234 m) was much larger than that of males (2944172 m).

Conclusion: Our results are fundamental to predict the patterns of breeding dispersal related to reproductive suc-
cess under different release sites. From the conservation point of view, landscape connectivity between the reintro-
duced populations should be taken into account in accordance with the distance of breeding dispersal.

Keywords: Breeding dispersal, Breeding success, Generalized linear mixed effect model, Crested Ibis, Reintroduced
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Background

Breeding dispersal, defined as the net movement
between two successive breeding sites, is an important
life history trait related to population viability (Green-
wood and Harvey 1982). Understanding the causes and
consequences of the dispersal movements is a central
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issue for a broad range of biological disciplines, ranging
from conservation biology to population ecology, evo-
lution and communities of species (Clobert et al. 2001).
Dispersal strategies affect the dynamics and the genetic
and demographic structure of populations (Hanski and
Gaggiotti 2004), especially for rare or endangered spe-
cies (Pearson and Colwell 2014). On the other hand,
breeding dispersal of birds may be affected by various
factors, such as sex, age (Andreu and Barba 2006; Eeva
et al. 2008), and breeding success (Pasinelli et al. 2007;
Botsch et al. 2012). For instance, breeding dispersal
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may occur frequently after breeding failure (Wiklund
1996; Forero et al. 1999), indicating that the probability
of breeding dispersal declines with increasing repro-
ductive success. Breeding dispersal allows individuals
to gain higher quality territories or mates (Greenwood
and Harvey 1982; Blakesley et al. 2006) and improve
future breeding performance (Payne and Payne 1993).
With respect to sex bias, it is generally thought that a
male bird usually competes with other local males to
gain a new territory. Therefore, it would be expected
that being philopatric is more advantageous for males
than for females (Greenwood 1980; Ward and Weath-
erhead 2005). However, dispersal is assumed to entail
certain costs in terms of time, energy and risk from
predators devoted by dispersing individuals to finding a
new breeding site (Forero et al. 1999; Danchin and Cam
2002; Hansson et al. 2004). In other words, under selec-
tion pressure, there might be a trade-off between the
benefits and costs for dispersal and philopatric behav-
ior (Calabuig et al. 2008). Despite this importance, lit-
tle is known about breeding dispersal, particularly in
relationships between breeding success and dispersal
of a reintroduced population, mainly because gathering
longitudinal information on individuals is difficult due
to limited population size.

After nearly four decades of protection, a great suc-
cess both in in situ and ex situ conservation makes it
possible to release the captive-bred ibises to balance the
risk of extinction. The Crested Ibis (Nipponia nippon) is
now being reintroduced subsequently to protected sites
in Ningshan (Yu et al. 2009, 2015), Tongchuan (Wang
2016), and Qianyang counties (Yu et al. unpublished
data), Shaanxi Province, with a goal of establishing self-
sustaining populations. One decade after release, pro-
gresses towards self-sustaining populations have been
made under some interventions (Wang 2016; Wang et al.
2017). However, as one of the important processes in
population dynamics, the breeding dispersal and its rela-
tions to breeding success, sex and age remain unclear. In
this study, we examined the process of breeding disper-
sal at both the individual and population levels. By doing
this, we aimed to quantify the probability and distance of
ibises’ breeding dispersal and their relationships to age,
sex, and breeding success.

Methods

Study area

The study area is located in Ningshan County (33°07'-
33°50'N, 108°02'-108°56'E), a mountainous region on
the south slope of the Qinling Mountains in Shaanxi
Province, China. The study area within approximately
15 km in diameter is in a warm, temperate and moder-
ately humid zone, where the elevation ranges from 700
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to 1100 m. This area is often developed for rice paddies
interspersed with dry farmlands in the valley and for-
est stands on the hillsides. Numerous shallow rivers and
streams run southward through this area into the Han-
jiang River, the longest tributary of the Yangtze River.
The specific geographical location and natural conditions
have been reported in details by Yu et al. (2015).

Study species and field observations

Twenty-six captive-bred Crested Ibises (13 females, 13
males) were released in the study area firstly in 2007, and
followed up in 2008 (4 females, 2 males), 2009 (6 females,
8 males), and 2011 (3 females, 7 males) (Yu et al. 2015).
All captive-bred individuals prior to release and nest-
lings at 23—24 days of age were marked individually with
numbered metal bands and colored alphanumeric plas-
tic bands (provided by the National Bird Banding Center
of China) on their legs to allow identification of age and
fates in the field (Yu et al. 2010). By the end of 2016, a
total of 168 individuals (56 captive-bred ibises and 112
wild-born fledglings) were banded and monitored in the
study area.

From February to July each year in the study period, an
intensive survey was carried out in search of ibis adults
and their nests within the study area. All found nests
were located and revisited two to four times per week to
determine the chronology of nesting, egg laying, hatching
of young, and subsequent fledging success. We investi-
gated each clutch to document nest failure if it occurred.
The causes of nesting failure, if identified, were also
recorded. Each pairs’ breeding success was then calcu-
lated as the number of fledglings divided by clutch size in
the given year.

Breeding dispersal

The breeding dispersal of Crested Ibises was character-
ized with dispersal probability and dispersal distance.
The dispersal probability is binary (0/1) in which ‘1" rep-
resents the occurrence of dispersal and ‘0’ means non-
dispersal. It is considered that dispersal events occur
once a pair disperses more than 50 m from the previ-
ous territory between successive breeding seasons. The
Crested Ibis usually establishes a small breeding ter-
ritory of no more than 50 m in diameter (Shi and Cao
2001), in accordance with the average nearest neighbor
distance (approximately 50 m) for active ibis’s nest sites
in our study area, supporting the criteria for dispersal
(Catlin et al. 2005). The dispersal distance was measured
as the Euclidean distance between the nests in two con-
secutive years for each breeder (Greenwood and Harvey
1982). We treated dispersal probability and subsequent
dispersal distance as separate events, since they may be
affected by different factors (Catlin et al. 2005). Based on
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age groups classification of the wild population (Yu et al.
2007) and specific age structure of our focal population
(Li et al. 2018), all monitored individuals were reclassi-
fied into three age groups: 1-3 years old; 4—6 years old;
and > 7 years old.

Statistical analyses

We analyzed potential effects of age, sex, and breed-
ing success on breeding dispersal of Crested Ibises via a
generalized linear mixed modelling (GLMM) procedure,
which is a flexible approach to power analysis by account-
ing for random effects, overdispersion and diverse
response distributions (Breslow and Clayton 1993). We
formulated a GLMM with a Bernoulli error structure
to test the relationship between dispersal probability
(response variable) and age groups, sex (fixed factor)
and breeding success (covariate). In some cases the same
individual was recorded in two or more years, we there-
fore incorporated individual identity as a random factor
in order to avoid the problem of pseudo-replication.

The relationships between the dispersal distance
(response variable) and age, sex, and breeding success
(predictor variables) were modelled using a GLMM
with a Normal error structure. Both individual identity
and breeding year were included as random factors with
a consideration of breeding distance expected to vary
between years and individuals.

For both GLMMs, we employed the second-order
Akaike information criterion adjusted for small sample
size (AICc; Burnham and Anderson 2002) to select the
most parsimonious fixed-effects models. Initially, all
variables and factors were fitted together. The model
with the lowest AIC value was selected and the signifi-
cance of the remaining variables was tested using Like-
lihood ratio (Alain et al. 2007). We considered models
with differences of AICc (AAICc) values<2 from the
best-fit model equally parsimonious (Burnham and
Anderson 2002), thereby including variables from all
such models for further mixed effects analysis. We
then defined a 95% confidence set of models for infer-
ence, summing AAICc from best to worst model until
the sum of AAICc exceeded 95%. Models not meeting a
95% confidence set were excluded. When there was no
clear parsimonious model (AAICc<0.90), we used the
model.avg function in the R-package MuMlIn for model
averaging to determine the direction and magnitude of
the effect of each explanatory variable (Burnham and
Anderson 2002). Instead of relying on the estimates
of the best candidate model, we computed a weighted
average of the estimate or a given parameter based on
the Akaike weights (AICw). We also computed the rela-
tive importance of the fixed factors by summing the
AAICc of the models that contained each factor. The
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model-averaged fixed factors coefficient estimation and
95% confidence interval were listed in the parentheses
of report.

All GLMMs were constructed and performed using
the package ‘lme4’ (Bates and Maechler 2009) in the
statistical software R 3.2.0 (R Development Core Team
2015). The differences of yearly breeding success, disper-
sal distances within age groups were tested by ANOVA
analysis, and sexual differences of dispersal distance were
tested by Mann—Whitney U test or Student’s ¢ test. We
report mean £ SE unless otherwise noted and statistical
tests were considered significant at p <0.05.

Results

Breeding success

A total of 32 breeding pairs including 30 males and 32
females performed 65 breeding attempts from 2008 to
2016. There are 220 eggs in 65 clutches to be laid with
an average clutch size of 3.38+0.83 (n=65). In total,
160 eggs hatched (2.46+1.12, n=65) and 112 nest-
lings successfully fledged, with an average of 1.73 +1.26
(n=65) fledglings per breeding pair each year, during
nine breeding seasons. First reproduction of wild-born
females was significantly later than by males (females
3.63+1.19 years, n=38; males 2.56 +0.73 years, n=9,
t=2.26, p=0.03). The average breeding success varies
among years with non-significant differences (ANOVA,
F=1.19, df=8, p=0.55, Fig. 1), indicating a stable
breeding outcome for the reintroduced population.

Breeding dispersal probability

From 2008 to 2016, we caught 102 individuals including
50 males and 52 females as breeders in two consecutive
breeding seasons (n =65 breeding attempts). Of the total
dispersal events, 48 individuals (47%) dispersed from
their previous breeding territories, while 54 individuals
(53%) were philopatric. Fifty-five percent (27/50) males
and 51% (27/52) females were observed to maintain
their previous territories following nesting success. In
response to failed breeding cases, 15 out of 23 (65%) for
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Fig. 1 The breeding success (mean £ 95% Cl) of the reintroduced
population of the Crested Ibis (2008-2016)
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males and 16 out of 25 (64%) for females, moved into new
breeding territories.

For dispersal probability, the 95% confidence set of
models contained three models, revealing some model
uncertainty (Additional file 1: Table S1). The mean rela-
tive importance of the breeding success variables was
1.00, and it was 0.33 for the sex variables and 0.17 for age
groups variables based on model-averaged predictions.
The model-averaged coefficients clearly indicated that
the breeding success was negatively associated with dis-
persal probability of the Crested Ibis (= —1.744+0.41,
95% CI=-—2.55 to —0.93, p<0.001) (Table 1). There
was very limited evidence to suggest that males were less
likely to disperse than females (males: = —0.40+0.51,
95% Cl= — 1.49 to 0.59, p=0.39) (Table 1).

Breeding dispersal distance

Model selection resulted in four models used for infer-
ence on the factors underlying dispersal distance of the
Crested Ibis (Additional file 1: Table S2). A common
feature of these models, however, was that they all con-
tained breeding success, age and sex. The mean relative
importance of breeding success and age was 0.93 and
0.56 respectively, based on model-averaged predictions.
The model-averaged coefficients for breeding success
(= —0.15£0.05, 95% CI= —0.26 to —0.04, p<0.001),
sex (male) were negative, whereas model-averaged
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coeflicients for age was positive (§=0.1610.08, 95%
CI=—-0.02 to 0.35, p=0.08) (Table 2). The dispersal
distances increased with age (group 1: 172+41 m, n=6;
group 2: 300£205 m, n=30; group 3: 916 +1384 m,
n=12) and there were significant differences within the
three age groups (ANOVA: F=4.32, df=2, p=0.01)
(Fig. 2). The mean breeding dispersal distances of males
and females were 294+ 172 m (n=23) and 435+234 m
(n=25) respectively, with a maximum of 4378 m for
one female. There was a significant difference between
both sexes in breeding dispersal distance (t= —2.33,
p=0.02) irrespective of breeding success. However, the
failed breeders regardless of females and males, dispersed
greater distances than successful breeders (females:
8254216 m vs 196+101 m, U=35, p=0.03; males:
372+164 mvs 210+ 127 m, U=29, p=0.01).

Discussion

There might be a trade-off between costs and benefits of
dispersal and philopatric decisions (Danchin and Cam
2002; Hansson et al. 2004; Calabuig et al. 2008). At the
proximate level, breeding dispersal involves many fac-
tors such as breeding success that may affect individual
decisions. Many studies have found breeding dispersal
in birds to be associated with lower reproductive success
in the year before dispersal (Wiklund 1996; Forero et al.

Table 1 Dispersal probability model ranking, Akaike’s information criteria (AIC), coefficient estimates (+1 SE)
for the 95% confidence set of models, and the model average, and the relative importance indices

Model ranking Explanatory variables o

AIC AlCw Intercept Success Sex
1 1213 0.59 0.43+£045 —1.73£040 232+1.52
2 122.7 0.29 0.67+£0.54 —1.76£041 —0454£052 240+ 1.55
Model average 0524051 —1.74£041 —040+£0.51
Relative importance 1 0.33

Success = breeding success; sex = male; o: standard deviation of the random effect

Table 2 Breeding dispersal distance model ranking, Akaike’s information criteria (AIC), coefficient estimates (+1 SE)
for the 95% confidence set of models and the model average, and the relative importance indices

Model ranking Explanatory variables o

AIC AlICw Intercept Success Age Sex
1 532 0.39 2.04+0.22 0.15£0.05 0.15+£0.08 0.06£0.26
2 538 0.29 241£0.06 0.14£0.05 0.06+0.25
3 553 0.13 2.05+0.23 0.16£0.05 0.16£0.09 —0.04£0.07 0.06£0.25
4 55.8 0.12 2444007 0.15+£0.05 —0.04+0.08 006+£0.24
Model average 220+£0.10 0.15£0.05 0.16+0.08 —0.044+0.07 0.06£0.25
Relative importance 093 0.56 0.26

Success = breeding success; sex = male; o: standard deviation of the random effect
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Fig. 2 Dispersal distances (mean 4 95% Cl) between different age
groups of the reintroduced population of the Crested Ibis (2008—
2016)

1999; Sedgwick 2004; Pasinelli et al. 2007; Calabuig et al.
2008; Wiodarczyk et al. 2013). It is generally thought
that breeding dispersal allows individuals to gain higher
quality territories or mates and improve future breed-
ing performance (Greenwood and Harvey 1982; Payne
and Payne 1993; Blakesley et al. 2006). However, for the
Crested Ibis, few studies have been so far conducted
on breeding dispersal for either wild or reintroduced
populations. Our focal population exhibited a similar
dispersal pattern because approximately fifty percent
dispersal events occurred following poor reproductive
performance. Most of the breeding failures of either wild
or reintroduced ibis population were mainly contribut-
able to predators such as the King Rat Snakes (Elaphe
carinata), the Northern Goshawk (Accipiter gentilis) and
human disturbance from local inhabitants and research-
ers (Yu et al. 2006, 2015). More to the point, the band-
ing process of one nest usually lasting for more than one
hour every year may be the most frequent disturbance
leading to replacement of nest site. On the contrary, ear-
lier studies on wild populations described that ibis pairs
usually reuse the same breeding site for up to five years
without any inferences (Shi et al. 1989; Yu et al. 2006). As
the movement from one breeding site to another, breed-
ing dispersal may be caused by species’ adaptive utiliza-
tion of resources or environmental interferences (Clobert
et al. 2001). Therefore, we speculate that Crested Ibis
individuals (50% of breeding events) may disperse to gain
higher quality territories after breeding failure due to
predators and frequent human disturbance.

The breeding dispersal of the Crested Ibis follows the
general pattern of female-biased dispersal observed in
most bird species (Greenwood and Harvey 1982; Clarke
et al. 1997). The sex-biased dispersal has been generally
explained as a consequence of asymmetrical investment
in the acquisition and defense of resources between the
sexes. Because dispersing males must usually compete
with other local males to gain a new territory. There-
fore, it would be expected that being philopatric is more
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advantageous for males than for females (Greenwood
1980; Ward and Weatherhead 2005). In fact, both sexes
of the Crested Ibis invest almost equally in the repro-
ductive process except territory defense by males which
occasionally occurred between two adjacent nests (Yu
et al. 2006, 2015). The pair formation of the monogamous
birds occurs often following the flocking period in late
winter and early spring (Huo et al. 2014). They became
territorial in the breeding season, and each pair occupies
a small nest-centric territory less than 50 m in diameter.
The males usually display ritualistic territorial behaviors
such as imitation of nesting when other individuals, espe-
cially males, intrude their territory (Shi and Cao 2001).

The fact that older individuals dispersed farther dis-
tances is contrast with other studies on many species
(Greenwood and Harvey 1982; Dow and Fredga 1983;
Hoover 2003; Fisher and Wiebe 2006). It is generally
thought that age negatively influenced the probabil-
ity and distance of dispersal due to having less breeding
experiences for younger individuals (Serrano et al. 2001;
Calabuig et al. 2008). For the Crested Ibis, the behavioral
difference between spouses of some pairs may be the real
cause of the opposite result. It might be, at least partially,
attributable to the coexistence of released and wild-born
individuals. There are three pair-bond types including
‘captive-captive, ‘captive-wild’ and ‘wild-wild” during the
study period in the initial stage of establishment. With
current sample size, it’s hard to examine whether captive
birds are responsible for observed increase of dispersal
distance with age.

Reintroduction projects aim to establish a self-
sustaining population by releasing captive-bred or
wild individuals (IUCN/SSC 1998, 2013). Since the
first reintroduction of the Crested Ibis on the south
slope of Qinling Mountains in 2007 (Yu et al. 2015;
Wang et al. 2017), further releases have been subse-
quently conducted in Yaozhou District in Tongchuan
City (35°02'N, 108°49’E) (Wang 2016) and Qianhu
National Wetland Park (34°37’N, 107°09’E) (Yu et al.
Unpublished data) on the loess plateau in the north
of Qinling Mountains. The two reintroduced popula-
tions were considered to be at initial stage of establish-
ment. In addition, feasibility assessments for another
two subsequent releases in Malan river valley of
Xunyi County (35°15'N, 108°36’E) and Louguantai of
Zhouzhi County (34°04’N, 108°19’E) have been also
developed (Yu et al. Unpublished data). Under these
circumstances, a conservation framework, on meta-
population levels, should be taken into consideration.
Our focal population has become a satellite population
when two wild females from wild population mated
with the released individuals (Yu et al. 2015). As Arm-
strong and Seddon (2007) proposed, multiple releases
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should be conducted among different sites away from
the core (wild) population in order to establish a meta-
population, as traditionally defined as networks of
semi-isolated populations connected by natural dis-
persal (Hanski 1998). There is increasing evidence that
the exchange of individuals between populations has a
strong effect on local population dynamics and persis-
tence (Schaub and von Hirschheydt 2009; Schaub et al.
2010) and enhances meta-population functionality
(Macdonald and Johnson 2001; Kenward et al. 2002).
Simply speaking, one of the meta-populations would
be established once as individuals from reintroduced
and wild population (s) mated each other through
natal/breeding dispersal. For this purpose, the land-
scape connectivity, namely dispersal corridors, such as
rivers and streams among these populations should be
taken into account in response to the distance of both
natal (Yu et al. 2010) and breeding dispersal (present
study). For instance, studies on some mammals, birds
and other species provided evidence for an influence
of landscape connectivity on dispersal (Bar-David et al.
2005; Dzialak et al. 2005; Baguette and Dyck 2007).
Therefore, the analysis of landscape suitability and the
simulation of dispersal of released individuals could
demonstrate the actual process of population spread-
ing (Morgia et al. 2011).

Conclusions

Higher reproductive outcomes might indicate that our
focused population is now at persistence phase with-
out any interventions. The failed breeders irrespective
of male and female ibises would disperse to gain high
quality territories and improve future breeding perfor-
mance. The female-biased dispersal follows the gen-
eral pattern in most other birds which explained as a
consequence of asymmetrical investment in defense of
territory by males. From the view of conservation, the
dispersal corridors, such as rivers and streams among
different reintroduced populations may be fundamen-
tal to establish a meta-population in response to the
distance of both natal and breeding dispersal.

Additional file

Additional file 1: Table S1. Models selected from the candidate model
set receiving up to 95% of the total weight for breeding dispersal prob-
ability (2008-2016). Table S2. Models selected from the candidate model
set receiving up to 95% of the total weight for breeding dispersal distance
(2008-2016).
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