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Abstract

Understanding how species’ ecological niches adapt to environmental changes through time is critical for predicting
the effect of future global change on endangered species. Yet few studies have incorporated knowledge of past
niche shifting into the assessment of species’ future fate in a changing world. In this study, we integrated the
ecological niche dynamics into the species distribution modeling of the Asian crested ibis (Nipponia nippon) in
East Asia. Specifically, we compared historical and present ecological niches of crested ibis in four-dimensional
environmental space based on species occurrence and environmental data. We then employed a multi-temporal
ecological niche model to estimate the potential geographical distribution of crested ibis under future climate and
land-use changes. Our results show that crested ibis retained similar though not identical ecological niches over
time. Compared to the historical baseline range, the current suitable habitat for crested ibis has been reduced
by 39.6%. The effects of human activity outweigh those of climate change regarding the distribution of crested
ibis. We conclude that the ecological niche of crested ibis was tended to be conservative, and future potentially
suitable habitat may encounter northeastward and northwestward shift, and possibly expand by 18.7% referred
to the historical range. The findings of our study are of clear importance for the conservation and successful
reintroduction of crested ibis in East Asia.
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INTRODUCTION

Many species have experienced dramatic decline in
population and range (Kuemmerle et al. 2012; Deinet
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et al. 2013). Some have become regionally extinct and
only persist in small fragments of their original distri-
bution range as a result of human-induced habitat de-
struction and overhunting (Deinet et al. 2013). Efficient
conservation depends on detailed knowledge of the nat-
ural history and biology of a species as well as on in-
formation regarding range-wide habitat availability and
suitability (Hu et al. 2010). Establishing a historical base-
line range as existed prior to any range contraction caused

© 2021 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

1



F. Yu et al.

by human disturbance may assist in forming a more com-
prehensive assessment of species distribution (Nogués-
Bravo 2009). A better understanding of a species’
historical distribution and ecological requirements is key
to ascertaining its current state and potential response to
future environmental change.

Predicting species’ distributions under future land-use
and climate change scenarios is regarded as critically im-
portant in halting the decline in biodiversity (Sala et al.
2000). For many threatened and endangered species, only
a limited amount of data describing their historical distri-
bution is recorded. Historical documents, as well as spec-
imens found in museums and private collections, offer a
valuable source of information. However, in most cases,
these data do not present a complete picture of species dis-
tribution and form an inadequate basis for proper conser-
vation planning. Ecological niche models (ENMs), known
as “Species distribution models (SDMs)” are numerical
tools that combine species occurrences with environmen-
tal variables to estimate distribution, often requiring to ex-
trapolate limited information in space and time (Elith &
Leathwick 2009). Some applied ecological studies (e.g.,
Kuemmerle et al. 2012; Clavero & Hermoso 2015) have
adopted ENMs and used species occurrences obtained
from historical data sources to investigate both past and
future species’ distribution, to be incorporated in large-
scale conservation strategies.

It is worth noting that when ENMs are employed
to project species distribution, 2 assumptions related
to niche equilibrium and niche conservatism should be
taken into consideration (Pearman et al. 2008). Firstly, an
ENM is characterized by the assumption that a species
evolves with its environment and is distributed across
all suitable areas (Guisan & Thuiller 2005). Secondly,
a precondition of ENMs is niche conservatism, which
assumes changes in ecological niche to be insignificant
over short to medium time frames, even though environ-
mental conditions change over a period of time (Peterson
2011). However, the assumptions behind these 2 niche as-
sumptions are poorly tested and assessed. Deviation from
either assumption may limit the model’s predictive per-
formance (Rubidge et al. 2011) and transferability over
time, potentially resulting in improper or inadequate con-
servation assessment and planning for the species under
assessment.

The Asian crested ibis (Nipponia nippon), hereinafter
referred to as crested ibis, was historically observed
across most of East Asia, but became extinct in almost all
of its former range and only 7 birds were spotted in 1981,
with the relic population being restricted to the Qinling
Mountain region of China (BirdLife International 2017).

To protect this endangered species and its habitat, con-
siderable conservation efforts have been undertaken and
attempts have been made to reintroduce the species at sev-
eral sites in China and Japan (Yu et al. 2009; Mochizuki
et al. 2015). Although our knowledge about this species
has much improved as a result of research on the rem-
nant population (Ding 2010; Sun et al. 2015), the histor-
ical distribution has been under debate due to the lack of
observation records. Furthermore, little is known about
crested ibis niche dynamics over time or about its poten-
tial future spatial distribution under climate and land-use
change scenarios. In this study, we aim to understand the
historic geographical distribution and niche characteris-
tics of crested ibis on a broad scale at the continental level,
and to predict potential distribution under future environ-
mental change. Specifically, we sought to address the fol-
lowing research questions: (1) Did crested ibis track a
similar ecological niche over time? (2) Can we ascertain
the geographical distribution of crested ibis in the past,
present, and future? (3) What are the effects of climate
and land-use variables on crested ibis’ distribution?

MATERIALS AND METHODS

Study area and crested ibis data

The study area includes the entire historical distribu-
tion area of the crested ibis, that is, the Russian Far East,
China, Japan, and the Korean Peninsula, located from
17°N to 57°N and 95°E to 150°E (Fig. 1).

Crested ibis occurrences were obtained from (1) high-
precision field observation data from a long-term mon-
itoring program implemented by Shaanxi Hanzhong
Crested Ibis National Nature Reserve since 1981, and
(2) published maps and written records (BirdLife Inter-
national 2001; Shi & Cao 2001; Mochizuki et al. 2015)
comprising comprehensive historical field observations
and specimen data. The occurrence points (n) from pub-
lished documents were digitized and geographically ref-
erenced, based on the description of the given locality,
high-resolution satellite images from Google Earth and
expert knowledge. The occurrences were georeferenced
in the WGS 1984 coordinate system. Localities lacking
sufficient information for georeferencing (n < 8) were
discarded. We initially obtained 178 records, which we
narrowed down to 129 spatially independent records by
eliminating duplicate presence records within 0.5 × 0.5
degree grid cells. We divided these 129 records into his-
torical (pre-1950, though mainly post-1900) (n = 91)
and contemporary (post-1950) (n = 38) records (Fig. 1).
Choosing the year 1950 as the time node to divide the
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Figure 1 Study area and occurrence
localities of crested ibis. White cir-
cles denote historical (pre-1950) occur-
rences; black triangles denote contem-
porary (post-1950) occurrences.

historical and contemporary period is based on previous
studies on the population dynamics of crested ibis and the
history of social development in China (Wang & Li 2008;
Li et al. 2009). Specifically, despite the long history of
agricultural cultivation in China, the massive human dis-
turbances (e.g. industrialization and deforestation) mostly
occurred after the 1950s (Zhang et al. 2000). Previous
studies have suggested that deforestation, excessive hunt-
ing, loss of wetlands, and the use of agrochemicals in
rice fields were main causes behind the rapid decline of
crested ibis population in the middle and late 20th cen-
tury (Li et al. 2009; Ding 2010).

Environmental factors

To model the distribution of crested ibis through time
and into the future, we used 18 environmental variables
in our model, including 6 climate variables, 11 land-use
variables, and 1 population variable (see Table 1) of 3 pe-
riods (historical, contemporary, and future).

We calculated the 6 climatic variables based on the
dataset of Climatic Research Unit’s (Table 1, CRU, down-
loaded from https://crudata.uea.ac.uk/cru/data/hrg/) 0.5-
degree monthly time-series of land temperature and
precipitation (CRU TS v. 3.25, Harris et al. 2014). We
employed the annual mean values of these variables
for both the historical (1901–1950) and the contem-
porary (1951–2000) period. Future climate scenario
data at a 10-min resolution was obtained from the

CCAFS GCM Downscaled Data Portal—Delta Meth-
od IPCC AR5 (http://ccafs-climate.org/data_spatial_
downscaling/). Given the uncertainty regarding predict-
ing future climate, we calculated the above-mentioned cli-
matic variables for the 2080s (2071–2100) from 3 widely
used general circulation models (GCMs): Beijing Climate
Center Climate System Model (BCC-CSM1.1), Canadian
Earth System Model (CanESM2), and Commonwealth
Scientific and Industrial Research Organisation MK 3.6
version (CSIRO-Mk3.6.0). For each GCM, we considered
3 representative concentration pathways (RCP) scenarios
(RCP 2.6, RCP 4.5, and RCP 8.5), in which each makes
widely differing assumptions about possible future socio-
economic pathways (van Vuuren et al. 2011). RCP 2.6
represents the most “benign” scenario, RCP 4.5 is a rela-
tively optimistic scenario, whereas RCP 8.5 represents a
pessimistic scenario.

We obtained the land-use variables from an updated
release of the historical land-use forcing dataset of Har-
monized Global Land Use dataset (LUH2-V2h, release
date: 14-10-2016, https://luh.umd.edu/), which represents
fractional land-use patterns with a 0.25-degree spatial res-
olution for the years 1500 to 2100 (Hurtt et al. 2020).
Specifically, the main feeding habitats of crested ibis are
rice-fields, river banks, and reservoirs in winter, and ar-
eas with a combination of tall trees for nesting and roost-
ing and wetlands or agricultural land in breeding season
(February–June) (BirdLife International 2017). We there-
fore selected C3 annual crops, irrigated fraction of C3
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Table 1 Environmental variables used in the model

Variables Unit Abbreviation

Climate Mean temperature ◦C Tmean

Minimum temperature of the coldest month ◦C Tmin

Maximum temperature of the hottest month ◦C Tmax

Mean precipitation mm Pmean

Precipitation of the wettest month mm Pwet

Precipitation of the driest month mm Pdry

Forested primary land % PrimF

Land use Non-forested primary land % PrimNF

Potentially forested secondary land % SecF

Potentially non-forested secondary land % SecNF

Managed pasture % Pasture

Rangeland % RaNat

Urban land % Urban

C3 annual crops % C3

Irrigated fraction of C3 annual crop area % C3irr

Flooded fraction of C3 annual crop area % C3flo

Secondary mean biomass density kg C/m2 Biomass

Human Human population density number of people/km2 Popd

annual crop area, flooded fraction of C3 annual crop area
which are most relevant among all the variables and repre-
sent typical environment with the main habitats of crested
ibis.

We used the mean values of these variables for the his-
torical (1901–1950) and contemporary (1951–2000) pe-
riods. For consistency within the climatic data, we used
scenarios of RCP2.6, RCP4.5, and RCP 8.5 for the future
land-use variables and calculated the mean values of the
11 land-use variables for the period 2071–2100 (Colditz
et al. 2011).

As crested ibis have always coexisted with humans (Li
et al. 2002), we also incorporated gridded time series of
human population density (defined as the number of peo-
ple per square kilometer) into the ENMs. The data of
human population density for the historical and contem-
porary period were obtained from the History Database
of the Global Environment with estimates of total and
urban/rural population numbers, densities, and fractions
roughly for the period 10 000 BC to AD 2000 (HYDE
version 3.1 → “hyde31_final” package → “pop” folder),
available at https://dataportaal.pbl.nl/downloads/HYDE/)
with a resolution of 5 min (Klein Goldewijk et al. 2011).
Future population density data were downloaded from

Spatial Population Scenarios for all 5 shared socioe-
conomic pathways (SSPs) for the years 2010–2100 at
decadal intervals and a 0.125-degree resolution. (Jones &
O’Neill 2016, available at http://www.cgd.ucar.edu/iam/
modeling/spatial-population-scenarios.html). We also se-
lected 3 scenarios (i.e. SSP1-2.6, SSP2-4.5, and SSP5-
8.5) for the period 2070–2100 consistent with the future
climate and land-use scenarios. All environmental layers
were resampled to a 0.5-degree resolution.

Niche comparison

To assess niche overlap regarding crested ibis be-
tween the 2 time frames (historical and contemporary),
we adopted a statistical framework using species occur-
rence and spatial environmental data (Broennimann et al.
2012). This framework corrects for the spatial autocorre-
lation in the environment and considers four-dimensional
environmental space (a more detailed description can be
found from Appendix S1 and Fig. S1, Supporting Infor-
mation, as well as Zurell et al. 2018).

All analyses of niche comparison were carried out in R
platform employing the packages “ecospatis” and “ks” (R
Core Team 2015).
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Ecological niche model

We estimated the potential habitat suitability and spa-
tial distribution of crested ibis over time using the max-
imum entropy model—MaxEnt (version 3.3.3k, Phillips
et al. 2006). We selected MaxEnt as it generates robust
predictions, even with small sample sizes (Wisz et al.
2008), and remains stable when correlated variables occur
in the model (Elith et al. 2011). To model past and present
distribution of crested ibis, we trained MaxEnt with a ran-
dom sample of 70% of the species occurrence data, re-
spectively, for the historical and contemporary periods.
We then assessed model performance with the remain-
ing 30% of the data for the 2 periods separately by calcu-
lating the area under the receiver operating characteristic
curve (AUC) (Swets 1988). The other default parameters
of MaxEnt were retained. To assure (or increase) model
robustness, we run the model 10 times. We also evaluated
the relative importance of climate and land-use variables
with the modeling result of “percent contribution”.

For the projections into the future, we applied a multi-
temporal model approach, which is regarded as an en-
hancement over classical ENMs for projecting species
distributions (Nogués-Bravo 2009; Maiorano et al. 2013).
Specifically, we calibrated MaxEnt by pooling presence
data from both historical and contemporary periods. We
made projections for both climate and land-use data, re-
sulting in 9 estimations (3 GCMs × 3 RCPs, as mentioned
earlier) of potential distribution for 2071–2100. We ob-
tained our final geographical distribution predictions for
crested ibis by averaging the results of the 3 RCPs (RCP
2.6, RCP 4.5, and RCP 8.5), while the results of the in-
dividual RCPs were obtained using the 3 GCMs (BCC-
CSM1.1, CanESM2, and CSIRO-Mk3.6.0).

Spatial analyses

We transformed the continuous forecasts into binary
predictions using a threshold that maximized the sum
of sensitivity and specificity (MaxSSS). This MaxSSS
threshold is widely used in ecological niche modeling as it
is able to minimize the mean error rate (Liu et al. 2005).
Cells with values greater than or equal to the threshold
were regarded as suitable habitat, while values below the
threshold were deemed unsuitable habitat. We retained
cells for suitable areas and set cells for unsuitable areas
to zero.

To assess the projected distribution change between
each set of 2 time frames (i.e. past and present, past
and future, present and future), we employed the tool of
“SDMtoolbox” to measure the distance and direction of

Figure 2 Niche comparison of crested ibis between the past and
the present (a) niche equivalency test, (b) niche similarity from
the past to the present, (c) niche similarity from the present to the
past. Red bars with a diamond depict the observed niche over-
lap D; grey bars depict the simulated niche overlap. ∗ denotes
statistically significant (P < 0.05), ns denotes non-significant.

shift between the centroids of suitable habitats for each
pair of time frames separately (Brown & Anderson 2014).

RESULTS

Niche comparison between past and present

The niches observed in the historical and the contem-
porary period overlapped across 48.4% of the area (red
bar with a diamond depicts the observed niche overlap D
in Fig. 2). Niche equivalency test showed the ecological
niche of crested ibis did not undergo significant alteration
from the past to the present (the observed niche over-
lap D is not greater than 95% of the simulated values in
Fig. 2a). Meanwhile, niche similarity test suggested that
crested ibis’ presence in the niche occupied both in the
past and present was more similar than was expected by
chance (the observed niche overlap D falls within the 95%
confidence limits of the null distributions in Fig. 2b,c).
Linking the results of niche equivalency, our findings
demonstrated that crested ibis tended to occupy similar,
but not identical, environmental niches during historical
and contemporary periods.
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Table 2 Model performance evaluated by AUC, and the
threshold MaxSSS used for transforming the continuous
forecasts into presence and absence predictions

Model AUC Threshold

1900 0.90 0.29

1980 0.91 0.34

Geographical distribution of crested ibis

We obtained high-performing ecological niche mod-
els, with average AUC values above 0.90 (Table 2). The
potentially suitable habitats for crested ibis at different
periods exhibited patchy distributions (Fig. 3). During
historical period, the predicted suitable habitat, a total area
of 268 500 km2 were mainly distributed across the north-
east, east, and central China; a large area of the Korean
Peninsula; Japan; the border region of northeast China;
and the Russian Far East. By contrast, in the contem-
porary period, potential habitats were reduced by 39.6%
(only 162 500 km2), and suitable habitats were mainly lo-
cated in northeast and central China, while those on the
Korean Peninsula shrank sharply, and habitat suitability
in Japan also decreased distinctly.

The potential habitat area projected for the 2080s was
317 500 km2, 18.7% and 95.4% larger than the histori-
cal and contemporary distribution areas, respectively. The
most suitable habitat in Japan would decrease substan-
tially, while central China, the Hokkaido region of Japan,
the Krasnoyarsk region of Russia, and the region between
China and Russia (downstream of the Amur river and
the Wusuli river) would become more suitable for crested
ibis. A general northeastward shift from the current range
was predicted, over a distance of approximately 800 km.

Impacts of environmental variables

Both climate and human activity (including land-use
and population density variables) played a role in de-
termining the habitat suitability for crested ibis during
both the past and present, but the importance of hu-
man activity overrode that of climate, and the most im-
portant variables varied over time (Table 3). In general,
the variables fraction of the C3 annual crop, population
density, and annual mean temperature all had consider-
able impact on the distribution of crested ibis during the
historical period, contributing 33.3%, 14.0%, and 9.3%,
respectively. During the contemporary period, popula-
tion density (32.8%), precipitation in the driest month
(23.0%), and non-forested primary land (7.5%) formed

Figure 3 Predicted suitable areas for the crested ibis in historical
(a), contemporary (b), and future (c) periods. The color chart
represents above the threshold habitat suitability for crested ibis
per grid cell.
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Table 3 Percentages of variable importance (for the top 5
variables, with the top 3 shown in bold type) during the
historical and contemporary period

Variables Historical
period (%)

Contemporary
period (%)

C3 annul crop 33.0 4.1

Population density 14.0 32.8

Mean temperature 9.3 6.7

Precipitation of the driest
month

6.2 23.0

Non-forested primary land 0.9 7.5

the most important variables. Interestingly, the presence
probability of crested ibis increased with the fraction of
the C3 annual crop area till “50% of the fraction of C3
annual crop,” and then decreased when the fraction of C3
annual crop areas were larger than 50% in the historic
period. Meanwhile, the presence probability generally
showed a subtle trend of declining in the contem-
porary period (Fig. 4a). The presence probability of
crested ibis increased with population density up to about

200 people/km2 in both the historic and the contemporary
period, but with population growth continuing beyond
200 people/km2, presence probability decreased dramat-
ically in the historical period, while decreasing relatively
gently in the contemporary period (Fig. 4b). Meanwhile,
the presence probability of crested ibis showed a simi-
lar trend in both past and present regarding mean tem-
perature, with presence varying at temperatures between
0°C and 30°C and peaking at 10°C (Fig. 4c). Crested ibis
tended to show a preference for increased precipitation in
the driest month (from 10 to 100 mm) in both the histori-
cal and contemporary period (Fig. 4d).

DISCUSSION

Our results demonstrate, for the first time, that Asian
crested ibis occupied similar, but not identical, envi-
ronmental niches in past and present times, which sup-
ports the view that crested ibis’ niche tended to change
little over time. This finding is consistent with previ-
ous studies, which concluded that niche conservatism
is widespread over short to moderate periods (i.e. from
decadal to century-scale) (Peterson 2011; Petitpierre et al.
2012). Many threatened species were not able to evolve in

Figure 4 The response curves of crested ibis presence plotted against (a) C3 annual crop, (b) population density, (c) mean temperature,
and (d) precipitation of driest month for both the historical (black line) and contemporary (dotted line) period. The x-axis depicts the
variables’ full range within the study area, and the y-axis depicts the projected habitat suitability for crested ibis.
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step with environmental change through time (Sun et al.
2016). The conserved niche of crested ibis enabled us to
develop a more feasible conservation plan by incorpo-
rating the species’ historical distribution and predicting
further geographic distribution with a multi-temporal
modeling approach. We also advocate that the new
technique incorporating niche conservatism ought to be
adopted in similar biogeographical studies, as earlier pos-
tulated by Peterson (2011).

Our modeling predictions show that the geographical
distribution area of crested ibis displayed a decreasing
trend from past to present, but is likely to increase in the
future. The decreasing trend is confirmed by the measured
changes in population size of crested ibis (Li et al. 2009),
as well as a recent study focusing on the genomic foot-
print of crested ibis, which also concluded that the effec-
tive population size of crested ibis continued to decline
in the contemporary period (Feng et al. 2019). The his-
torical distribution projected in this study is in line with
the historical range described in the literature (BirdLife
International 2001; Shi & Cao 2001).

The increase in suitable habitat in times to come is in
accord with a previous study, which predicted an increase
in habitat range and abundance over the coming decades
(Sun et al. 2016). However, crested ibis may still be at
substantial risk, due to genetic inbreeding and the loss of
function genes, leading to high vulnerability to both cli-
mate change and human activity (e.g. excessive hunting
and agrochemical overuse) (Li et al. 2014). Our results re-
veal that the potential distribution of crested ibis may en-
counter a northwestward shift (to the Krasnoyarsk region
in Russia), and also a northeastward shift (to the boarder
of China and Russia), in a manner similar to the distribu-
tion shift predicted for the black-faced spoonbill, endemic
to East Asia (Hu et al. 2010), and in some other studies
on the distribution of European and North American birds
(Auer & King 2014; Gillings et al. 2015).

Our results show that crested ibis faced similar en-
vironmental constraints from past to present, but due
to different variables. The fraction of C3 annual crops
played a vital role in determining crested ibis’ distribu-
tion in the past, while its importance greatly decreased
in the contemporary period. The variation in the influ-
ence C3 annual cropland had from past to present was
related strongly to the development of agriculture in East
Asia (Sun et al. 2015). Paddy fields for growing rice
and other semi-aquatic crops, a typical feature of East
Asia, have served as essential anthropogenic habitats for
wading birds, functioning as surrogates for degraded or
destroyed natural wetland systems (Elphick 2000). The
traditional Asian rice cultivation system involves a sin-

gle crop per year and fallow flooding over a long period,
providing ideal food resources for crested ibis. However,
agricultural practices have greatly intensified in East Asia
since World War II (Tyson et al. 2002; Wood et al. 2010;
Katayama et al. 2015). The decrease in the suitability for
crested ibis of areas with increasing cropland is proba-
bly related to modifications to the agricultural practices in
modern times, resulting in range contraction. Agricultural
intensification, the expanding of cropland, and clearing of
natural vegetation resulted in the loss and degradation of
wetlands and forests, and consequently in the reduction
of foraging and nesting habitat for crested ibis. Moreover,
in the course of modernization and the intensification of
farming practices, the increasing usage of agrochemicals
had a strong negative impact on the population of crested
ibis (Wood et al. 2010; Katayama et al. 2015). Pesticides
were used extensively during the 1950s to 1970s, which
could be a key reason for the decline seen in crested ibis,
until the time highly persistent and toxic chemicals were
prohibited successfully in most Asian countries (Wood
et al. 2010; Katayama et al. 2015). Specifically, China
was a significant producer and user of DDT since the
1950s. The total quantity of DDT used was estimated
to be 43 520 tons from 1960 to 1983 (Fu et al. 2003).
However, 6 pesticides (including DDT, toxaphene, HCB,
chlordane, heptachlor, and mirex), which were listed as
the first group of Persistent Organic Pollutants (POPs) by
Stockholm Convention were banned in China in 1982 and
1983 (Wong et al. 2005).

At the same time, agricultural machinery and efficient
irrigation/drainage systems facilitated multiple cropping
and shortened fallow periods in enlarged and more regu-
larly spaced fields (Katayama et al. 2015). This resulted
in decreased feeding and breeding opportunities as well
as higher risk of mortality for crested ibis. Such changes
in farming practices could lead to a severe range contrac-
tion in times to come and pose a real threat to crested ibis.
Lastly, the crested ibis’ preference for non-forested pri-
mary land in the contemporary period may also indicate a
decrease in the suitability of cropland and an increase in
human disturbance since the historical period. The tradi-
tional agricultural systems of smallholder farmers in more
marginal and fragile areas such as hills and mountains
might provide the last refuge for the relic crested ibis pop-
ulation (Wood et al. 2010).

It is worthy to note the relationship between popu-
lation density and the distribution of crested ibis. The
contribution of human population density to the distri-
bution of crested ibis in both past and present was sur-
prisingly important, which may be interpreted in 2 ways.
On the one hand, high human population density did not
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necessarily decrease habitat suitability. Although human
persecution, including hunting and agrochemical pollu-
tion, used to be a big threat to crested ibis, strong legal
protection and higher public awareness reduced these is-
sues. On the other hand, the habitat of crested ibis was
always intertwined with human occupancy, with crested
ibis relying on flooded rice fields for foraging and adapt-
ing to the human-dominated wetland ecosystem (though
keeping a safe distance) (Li et al. 2002).

We quantified the ecological niche change of crested
ibis across space and time by applying a framework of
niche comparison as proposed by Broennimann et al.
(2012), and also used MaxEnt for modeling the distri-
bution of crested ibis over time. Although both methods
proved to be robust, our study inevitably contained un-
certainty, which may be traced to several sources. Firstly,
data uncertainty: The spatial and temporal resolution
of both climate and land-use data affected the projec-
tion. As the finest resolution of the historical climatic
data was 0.5 degrees, we selected 0.5 degrees as grid
size for our analysis, though that is a relatively coarse
grain. Therefore, an ongoing need for finer-scale assess-
ments of niche dynamic and geographical distribution re-
mains. In addition, the algorithm used could be a source
of uncertainty. Our projection was subject to limitations
common to ENMs (Franklin 2010). A number of algo-
rithms, represented by the ensemble platform “biomod2”,
were rapidly developed for modeling species distributions
(Wiens et al. 2009). However, since our species records
provided presence-only data, using MaxEnt alone would
be more appropriate than using the ensemble approach,
which requires both presence and absence data (e.g.
GLM, MARS, GAMs). The potential distribution could
further be influenced by species interactions, the disper-
sal ability of species, or geographical barriers, which were
not included in the study.

Our results regarding niche comparison, habitat suit-
ability, and key environmental factors concerning the
distribution of crested ibis are of clear importance for
the successful reintroduction of this threatened species.
With reintroduction programs being carried out effec-
tively, crested ibis are no longer confined to one region
or one country (Yu et al. 2009). However, conservation
of this species is an international problem spanning a
large geographic extent. Choosing a habitat for reintro-
duction based on where the crested ibis survived more
than one century ago is a strategy that has paid off to
date, but does not guarantee survival in the future. The
predicted distribution of potentially suitable areas in the
present and for the future provides scientific grounds for
selecting reintroduction sites for crested ibis. As the birds

are sedentary and prefer environmental conditions to re-
main similar over time, the selection of reintroduction
sites must take geographical proximity of seasonal niches
as well as range shift under environmental change into
account. Therefore, areas that are presently suitable and
will remain so in the future need to be prioritized, such
as Shandong and Liaodong peninsula (China), as well as
the Hokkaido region (Japan). In these areas, which are
potentially suitable for the reintroduction of crested ibis,
conservation management should focus on the protection
and restoration of the habitat at finer scales.
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