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Abstract
Biodiversity conservation is one of the most important objectives of protected areas. Most
biodiversity assessment-related studies use the change in species abundance data to measure the
level of biodiversity conservation. Yet for many areas, long-term species data are not available and
thus it is necessary to use biodiversity indices to monitor the effect of land use (LU) changes or the
impact of protected area establishment. Poyang Lake wetland is one of the most important
wintering sites for migratory water birds on the East Asian–Australasian flyway. To protect this
habitat, 14 nature reserves were created in the region between 1997 and 2003. This paper aims to
assess the effect of nature reserve creation on the status of habitat for overwintering water birds in
Poyang Lake wetland by analysing LU and land cover data from 1995, 2005 and 2015. We
developed a composite biodiversity index to search for current biodiversity hotspots (conservation
priority) in the study area. An integrated approach consisting of the Integrated Valuation of
Ecosystem Services and Trade-offs model, GIS, fragment analysis and hotspot analysis was used to
realize our objective. Our results showed that the creation of the nature reserve had positive effects
on overwintering water bird habitat. However, tremendous changes (such as change of habitat area,
quality and fragmentation) within and outside the nature reserve showed that the role of protected
area still needs to be further discussed. Moreover, regional synthesis LU management plans such as
ecological restoration should be carried out. The results of the habitat assessment also indicate that
a comprehensive biodiversity index framework based on net primary productivity, habitat
connectivity and habitat quality could be more efficient in assessing biodiversity and defining a
reasonable protected area, from data obtain in large scale perspective.

1. Introduction

Approximately 75% of the earth’s land surface is
exposed to severe human pressures (Venter et al
2016). Combinedwith climate change, there are glob-
ally unprecedented rates of biodiversity loss (Riordan
and Rundel 2014). Currently, pressures are becoming
increasingly extensive and widespread, and pres-
sures are rapidly intensifying in places with high
biodiversity (Venter et al 2016). Wetlands harbour

significant biodiversity (Secretariat 2004) and supply
crucial ecosystem services (ES) (Costanza et al 1997).
However, the area of wetlands has been reduced by
50% worldwide, while the quality of wetland wild-
life habitat has been declining as a result of different
types of human activities (Fraser and Keddy 2005).
Many countries and regions have developed policies
to address these degradation problems, e.g. the estab-
lishment of restoration projects (Sun et al 2015) and
the construction of nature reserves (Harris 2016).
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Maintaining biodiversity in regional ecosys-
tems may be a high-priority goal because this
issue involves many other conditions and eco-
system health responses (Erwin 2009). Therefore,
enhancing biodiversity is an important target and
success criterion of wetland restoration and protec-
tion (Matthews and Endress 2008,Ma et al 2010). The
biodiversity level is one of the most essential research
hotspots in assessing protection efforts and future
conservation planning.

To assess the effects of protection efforts, biod-
iversity maps have been widely used. Some research
studies use the species–area relationship (SAR)
method to determine the species capacity of land
use/land cover (LU/LC) maps and then derive biod-
iversity at the landscape scale (Pereira andDaily 2006,
Polasky et al 2008, Nelson et al 2009, Kennedy et al
2016). Other researchers used empirical equations
to assess the biodiversity level of different types of
vegetation; then, these studies have derived biod-
iversity maps for a landscape (Li 2007, Yi et al 2014).
Tools to model the spatial distribution of biod-
iversity have been developed, including the Integrated
Valuation of Ecosystem Services (InVEST) model
(Sharp et al 2018), the GLObal BIOdiversity model
for policy support (GLOBIO) (Alkemade et al 2009,
Chaplin-Kramer et al 2015) andArtificial Intelligence
for Ecosystem Services (ARIES) (Villa et al 2014).
Most research related to biodiversity assessments has
focused on using species abundance data to obtain
the spatial distribution at regional and global scales
(Maes et al 2012, Chaplin-Kramer et al 2015). Habit-
ats with a favourable conservation status usually have
richer biodiversity and vice versa (Maes et al 2012).
Therefore, some research assessing the effects protec-
tion efforts focusses on assessing habitat area, quality
and fragmentation (Hodgson et al 2011, Doerr et al
2011, Ke et al 2011, Sun et al 2015, Tang et al 2016).
Biodiversity hotspots arewidely used for conservation
priority and planning, while recent studies are mostly
based on species abundance and diversity (Myers et al
2000, Aben et al 2016, Cai et al 2018).

Regarding wetland restoration and protection,
especially in areas where overwintering bird gather,
research tends to use water bird species and their
density or abundance to reflect the biodiversity status
(Cui et al 2009, Xia et al 2016, Wang et al 2017, Hagy
et al 2017), while only a few studies focus on the bird
habitat status (Ke et al 2011, Xia et al 2016). Mean-
while, research has developed some habitat indices
that reflect changes in biodiversity in wetland areas.
For example, Zhao et al (2018) explored an efficient
habitat index for assessing the population and abund-
ance of overwintering water birds in the Poyang Lake
wetland, South China, where a large protected area
has been established.

Biodiversity assessments and conservation based
on the abundance and diversity of species are increas-
ingly used to reveal human-wildlife conflicts (König

et al 2020) and possible trade-offs that may occur
bewteen the different stakeholder groups (König et al
2015). Additionally, a conservation strategy cannot
be based merely on the number of taxa present in
an ecosystem (Marchese 2015). There is considerable
controversy regarding the definition of species-rich.
Currently, data on species distributions are usu-
ally scarce, and it is difficult to obtain long-term
biological data. Moreover, as there is obvious biolo-
gical heterogeneity among different regions it is dif-
ficult to choose the most representative and sens-
itive species in each region. All of these data qual-
ity issues cause biodiversity assessments and the
development of conservation strategies to be unre-
liable (Marchese 2015). Therefore, we need a more
comprehensive understanding of the complex biod-
iversity process, and we must consider additional
factors, such as human activities and climate change
(Marchese 2015). Although some methodological
studies include factors such as habitat area, quality,
fragmentation, human activities and climate (Ke et al
2011, Doerr et al 2011, Polasky et al 2011, Baral et al
2014, Tang et al 2016, Sallustio et al 2017, Cai et al
2018), these studies tend to consider only one or
two factors and seldom use a combination of sev-
eral factors; furthermore, these studies are rarely con-
ducted using a combination of systematic, functional,
dynamic and spatial perspectives. There is also con-
troversy regarding whether protected areas optim-
ally protect biodiversity (Liu et al 2001, Pimm et al
2014, Gray et al 2016). Therefore, more comprehens-
ive assessments and more reasonable protection area
planning are needed.

The objective of this paper is to assess the status
of habitat for overwintering waterbirds in the Poyang
Lakewetland considering the effect of nature reserves;
then, based on a composite biodiversity index, we
search for current biodiversity hotspots (i.e. sites of
conservation priority) in this area.

1.1. Study area
We performed a case study in the Poyang Lake wet-
land located in the Jiangxi Province in Southeast
China, as this is one of the most important inter-
national wetlands identified in the Ramsar conven-
tion and has several hundred thousand overwinter-
ing water birds (Ji et al 2007). Overwintering water
birds here refers to birds that travel from their breed-
ing places (mostly in Northeast Eurasia) to Poyang
lake wetland every winter (Harris 2016). Poyang lake
wetland is one of the most important stopover sites
for water birds on the East Asian-Australasian flyway
network (Xu et al 2019). Winter surveys at Poyang
have recorded an average of 425 000 overwintering
water birds (Harris 2016), these include four species
of cranes, two stork species and several geese (Zhao
et al 2018). Especially for the critically endangered
Siberian crane (Grus leucogeranus) Poyang lake is
a crucial site. 98% of the global population of

2



Environ. Res. Lett. 15 (2020) 125013 C Sun et al

Figure 1.Maps of the study area.

3800–4000 birds overwinter here. They are special-
ised to forage on Vallisneria tubers in shallow water
areas, whose occurrence is threatened by crab farms
as well as major flood events (Burnham et al 2017).
But also 50% of the vulnerable white-naped cranes
(Grus vipio), 60% of the swan geese (Anser cygnoid)
and 42% of the oriental white storks (Ciconia boy-
ciana) in the world overwinter in Poyang Lake wet-
land (Xia et al 2010). In the past ten more years,
some species increased, such as Common Cranes
(Grus grus), Siberian crane (Grus leucogeranus), and
some decreased, such as Swan goose (Anser cygnoides)
(Shan et al 2014, Li et al 2014, An et al 2019). Another
reason that we chose this sight is that there are eight
overwintering water bird natural reserves in this area,
which cover approximately 50% of the wetland area
(Harris 2016).Moreover this region is a grain produc-
tion area and has many kinds of human activities that
threaten wildlife (Li et al 2016, 2018). In addition LU
has changed substantially during the last two decades
(Sun et al 2017).

Poyang Lake connects with the Yangtze River and
the five other rivers in Jiangxi Province, and it is
the largest freshwater lake in China (figure 1). Water
exchanges between the rivers and the lake because of
the monsoonal climate; thus, the water levels in this
lake vary with season. These dramatic hydrological
changes lead to equally dramatic ecological processes
in Poyang Lake and directly affect the characteristics
of its different habitats and rich biological diversity
(Harris 2016, Xia et al 2016). The Poyang Lake wet-
land is rich in aquatic plants, plankton, benthic anim-
als, fish and insects, and the wetland provides super-
ior habitat and food for overwintering water birds.
Mud area, shallow water area, and wet grassland area
are the best habitats for overwintering water birds
(Xia et al 2016).

This study area had three areas (figure 1): the
wetland area, a 3 km buffer area from the wetland
edge, and the Poyang Lake wetland region. The
wetland land area is the area occupied by the highest

water level. The buffer area was defined by ecolo-
gical planning of the Poyang Lake region in 20096. It
is considered a transitional area with overwintering
water birds and human activities. The Poyang Lake
wetland region includes two county-level cities and
ten counties. In our study, the habitats of overwin-
tering water birds are all within the wetland area and
buffer area. However, the human-induced factors are
present in the entire Poyang Lake region.

A total of 14 wetland nature reserves have been
established in the Poyang Lake region (Harris 2016),
and eight of them are overwintering water bird nature
reserves (figure 1). Most of the nature reserve was
established approximately 1997–2003 with the excep-
tion of the Poyang national nature reserve. Here, we
used the boundaries of all the nature reserves together
to determine the statistics of the average habitat qual-
ity within or outside the nature reserve range. When
analysing the years 1995/2005, the statistics refer to
the habitat comparison before and after the nature
reserves were established. When analysing the years
2005/2015, the statistics refer to the habitat change
after the nature reserves were established.

2. Material andmethods

2.1. Methods
To realize the object of our study, we first carried
out a spatial and temporal habitat change analysis in
and outside the nature reserve for the 3 years in the
time period 1995–2015, during which most of the
nature reserve was established. Our assessment was
based on three dimensions: habitat quality (figure 2),
threats and landscape fragmentation. Complement-
ary to this, the InVEST model was used to evalu-
ate the habitat quality for overwintering water birds.
Second, we generated a composite biodiversity map
and obtained the biodiversity hotspots based on a

6http://finance.ifeng.com/news/20 100 226/1 863 953.shtml
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• Habitat quality: Refers to the ability of the environment to provide resource, it can 
be express by the land use land cover type and its degradation (Forman 2003; 
Sharp et al 2018). 

• Habitat connectivity: The degree of the landscape facilitates the movement of 
species and other ecological flows (Taylor et al 1993). 

• NPP: The net primary production of vegetation, which can reflect the status and 
the flexibility of the ecosystem; NPP is the basic condition of survival for all kinds 
of living beings in an ecosystem. 

Figure 2. Definitions of habitat quality, connectivity and NPP.

composite biodiversity index, in which human activ-
ities, climate and ecosystem process factors were con-
sidered.

2.1.1. Habitat quality
We used the InVEST model (3.6.0, Sharp et al 2018)
to evaluate the overwintering water bird habitat qual-
ity for the years 1995, 2005 and 2015 in the Poy-
ang Lake wetland. The InVEST approach was ori-
ginally developed to assess ES in a quantifiable and
spatial way. This approach is particularly suitable
for studying wildlife habitat quality and has been
proven to be effective in characterizing biodiversity
(Sallustio et al 2017). Compared to other methods,
the InVESTmethod offers the advantage of consider-
ing the human impacts onwildlife habitat. For habitat
quality evaluation, InVEST considers several para-
meters, including habitat suitability and threat types
(e.g. urban, transportation, and industry), threat
intensity, distance between the habitat and the threat,
habitat sensitivity to a threat and accessibility of
the habitat (Sharp et al 2018). In our study, we
chose urban areas, village areas, other construction
land (construction land outside urban and village
areas such as mining area, airport area and industry
area), farmland, fish ponds and transportation sys-
tems (including different types of roads) as the threat
factors. We define mud area, shallow water, and wet
grass land within the nature lake area and paddy field,
sparse shrub area, grassland area within the 3 km buf-
fer area as the habitat for overwintering water birds
(Xia et al 2010, Sun et al 2015).

The output of the InVESTmodel for habitat qual-
ity is grid format data, and the value of the grid
map ranges from 0 to 1; higher values represent high
habitat quality, and vice versa. More recent studies
have used InVEST to evaluate habitat quality (Ter-
rado et al 2016, Kennedy et al 2016, Lin et al 2017,
Sallustio et al 2017). InVEST has great advantages
in evaluating habitat quality based on LU/LC data
on a large scale. However, one of the biggest dis-
advantages of the habitat quality evaluation applic-
ation is that the threat of the study area boundary
has been ignored. To minimize this disadvantage, we

consider not only the threats within the wetland area
but also the threats from the area outside of the wet-
land, namely the entire Poyang lake region. For more
information on the theory of how InVEST evaluates
habitat quality and how we defined the parameters
in our study case, please see the appendix (available
online at stacks.iop.org/ERL/15/125013/mmedia).

2.1.2. Landscape fragmentation
FRAGSTATS 3.4 (software package) was used to
calculate the landscape metrics for each LU map
in the Poyang Lake wetland. Five commonly used
landscape-scale landscape fragmentation metrics
were selected (Ke et al 2011), including the number
of patches (NP), patch density (PD), splitting index
(SPLIT), landscape division index (DIVISION) and
aggregation index (AI). The definitions and descrip-
tions of these landscape metrics in FRAGSTATS are
given in the FRAGSTATS user’s guide (Mcgarigal and
Marks 1995).

2.1.3. Connectivity index
Pascual Hortal and Saura developed the connectivity
index ‘probability of connectivity’ (PC) to represent
the habitat connectivity conditions at the landscape
scale (Hanski 1998, Pascual-Hortal and Saura 2006,
Saura and Josep 2009). The PC index can be expressed
by following formula:

IPC =

∑n
i=0

∑n
j=0 ai · aj · P*ij
A2
L

(1)

where n is the patch amount at the landscape scale,
and ai and aj are the areas of the patches i and j,
respectively. AL indicates the total area of the study
area. P*ij refers to the expanding probability between
patch i and j. In this study, PC is used to assess the
connectivity ability of each habitat patch. Conefor
Inputs for ArcGIS 10.0 (software package) and Con-
eforSensinode 2.6 (software package) were integrated
to calculate the PC index.

2.1.4. Biodiversity index
From the landscape-scale perspective, high-level
biodiversity can be defined from three aspects (Yu

4
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1999, Yu et al 2009): First, it can support high-level
ES. Second, it can reflect the connectivity of habitat
patches. Third, it can prevent habitat degradation.
Specifically, energy is the basis of survival for all
kinds of living beings, and net primary productiv-
ity (NPP, figure 2) is an appropriate index that can be
used to represent the energy produced by vegetation.
Habitats with high productivity have more available
sources and sustain more individual populations,
increasing the survival probability of species (Wright
1983, Evans et al 2005, Liu et al 2015, Lausch et al
2016, Cai et al 2018). Habitat connectivity (figure 2)
is crucial for maintaining ecological processes in
good condition. Habitat connectivity is also a key
factor in maintaining the stability of biodiversity and
ecosystems (Taylor et al 1993, Matlack and Monde
2004). Habitat degradation determines habitat qual-
ity, and habitat quality depends on LU structure and
the level of intensity in the surrounding area (Sharp
et al 2018).

According tomany related studies (Xie et al 2018),
in this paper, we established a composite biodiversity
index at the landscape scale by integrating NPP, hab-
itat connectivity and habitat quality (Formula 2),
in which each aspect was considered to be equally
important because they are all crucial for biodiversity
protection and ecological stability.

BI = NPP + CON + HQ (2)

In this formula, BI (biodiversity index) repres-
ents the biodiversity level at the landscape scale. In
our study, we calculated the average NPP of Decem-
ber, January and February from 2000 to 2010 as the
NPP level of the Poyang Lake wetland and then stand-
ardized the NPP value into the range of 0–1. These
3 months were chosen because all kinds of overwin-
tering water birds stay in the Poyang Lake wetland
during this period. CON(connectivity) represents the
connectivity of each habitat patch, ranging from 0 to
1. HQ (habitat quality) refers to the habitat quality,
which is obtained from the InVESTmodel and ranges
from 0 to 1

Wemake principle components analysis beforewe
use formula 2. 5000 points were randomly chosen in
the study area and they were assigned the value of
NPP, CON and HQ. The principle components ana-
lysis shows that the initial Eigen values of NPP and
HQ is 1.793 and 1.005 respectively, and they explain
93.24%of the variations. Therefore, we keepNPP and
HQ and change formula 2 into formula 3. In our
study we use formula 3 to calculate biodiversity on
landscape scale:

BI = NPP + HQ (3)

It is feasible to reflect the potential threat and
biodiversity spatial distribution when integrating GIS
and ecological models to evaluate biodiversity at the

landscape scale (Polasky et al 2011, Baral et al 2014,
Chaplin-Kramer et al 2015, Su et al 2016). By integ-
rating these two types of biodiversity indicator, we
can obtain grid format maps (30 m) of the composite
biodiversity index, and its final valuewas transformed
into the range of 0–1, with higher values representing
higher biodiversity levels.

2.1.5. Biodiversity hotspot
Areas with high concentrations of endemic species
and with high habitat losses are often referred to as
‘biodiversity hotspots’ (Myers 1988). A broad defin-
ition refers to any area or region with exceptionally
high biodiversity at the ecosystem, species and genetic
levels (Marchese 2015). Spatial autocorrelation ana-
lysis can be used to identify biodiversity hotspots at
landscape scale (Aben et al 2016, Cai et al 2018). The
G*

i index is the most commonly used coefficient for
spatial autocorrelation analysis. It is based on par-
tial spatial autocorrelation using a distance weighted
matrix, which can detect aggregates of high-value
areas and low-value areas. TheG*

i index was proposed
byGetis andOrd (1992), and it is expressed by the fol-
lowing equation:

G*
i =

∑n
j Wijxj∑n
j xj

(4)

G∗
i can be standardized to Z

(
G*

i

)
(Getis and Ord

1992):

Z(G∗
i ) =

G∗
i − E(G∗

i )√
VAR(G∗

i )
(5)

In these two equation, n is the total amount of
spatial unit. xj is the attribute value of the spatial unit
in a partial spatial area. Wij is the distance weight
between unit i and j;Wi is the sum of all the distance
weights; x̄ is the average of all the attribute values in
the study area. E(G∗

i ) is themathematical expectation
of G∗

i and VAR(G
∗
i ) is the variance of G

∗
i .

When Z(G∗
i )> 0, the value of the unit is higher

than that of the neighbour unit; Z(G∗
i )> 0 means

the opposite. When Z(G∗
i )> 1.96, it is a high-value

area, namely, a hotspot area (Fen and Ying 2005).
When Z(G∗

i )<−1.96, it is a low-value area, namely,
a cold spot area. In our study, based on the grid
maps of the biodiversity index, we used ArcGIS spa-
tial autocorrelation tools to conduct the hotspot
analysis.

2.2. Data resources
Weobtained LU/LC and transportation data for 1995,
2005 and 2015 from the Resource and Environment
Data Cloud platform of China (www.resdc.cn/). The
LU/LC data have a spatial resolution of 30 m, with
25 LC classes. The transportation data were in GIS
shapefile format, including data for railways, high-
speed roads, primary roads, secondary roads and
ordinary roads. NPP data were obtained from the

5
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Table 1.Habitat change during the two study phases within and outside nature reserve.

1995–2005 2005–2015

Area (ha) Average quality Area (ha) Average quality

Habitat change type Within Outside Within Outside Within Outside Within Outside

Newly created habitat 1014 5928 0.76 0.58 2801 6532 0.86 0.67
Lost habitat 459 6340 −0.69 −0.57 2611 10 988 −0.90 −0.54

Figure 3. Spatial distribution of habitat quality of overwintering water birds in 1995, 2005 and 2015.

‘National ecosystem remote sensing survey of the year
2000–2010’ project (Ouyang et al 2014). These data
are in grid format with a resolution of 250 m.

The nature reserve boundary was obtained
from each nature reserve administration. The
overwintering water bird natural habitat extents of
Poyang Lake were obtained from a project called
the National Key Basic Research Program (973 Pro-
gram). The name of this project is the National Main
Terrene Ecosystem Service Function and Ecosystem
Security of China. These habitat ranges were rein-
terpreted from Landsat Thematic Mapper (TM) and
Enhanced Thematic Mapper plus (ETM+) remote
sensing images (30 m resolution) at different water
levels. By combining all of the interpreted results, the
final overwintering water bird natural habitat ranges
could be obtained.

3. Results

3.1. Habitat area and quality changes within
and outside the nature reserve
The habitat of overwintering water bird experienced
big change during both study periods. From 1995
to 2005, habitat within the nature reserve showed a
positive change. The area of newly created habitat
(none habitat changed into habitat) within the nature
reserve is about twice the area of lost habitat (habitat
changed into none habitat) (table 1). The absolute
value of average habitat quality in new habitat areas
is higher than in the lost habitat area. However, in
this phase, habitat change outside the nature reserve
showed a similar change amount both on habitat area
and absolute value of average habitat quality. From
2005 to 2015, the habitat area experienced larger

6
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Figure 4. Habitat quality change during 1995–2005 and 2005–2015.

Table 2. Change ratios of human occupied area (for ‘roads’ calculated by length).

Change (outside nature reserve) Change (within nature reserve)

Threat 1995–2005 2005–2015 1995–2005 2005–2015

Farmland −2.25% −3.48% −7.19% −3.10%
Fish farm −1.27% 2.59% −2.86% 8.09%
City area 16.98% 35.80% 0.00% 43.50%
Village area 1.37% 2.49% −3.21% −8.90%
Other construction 21.77% 156.52% −15.33% −56.12%
Road (km) 8.10% 28.08% 13.93% 28.52%

Table 3. Landscape change during 1995–2015.

Change outside nature reserve Change within nature reserve

Indicator 1995–2005 2005–2015 1995–2005 2005–2015

NP 1.85% −0.14% 5.62% 0.37%
PD 1.84% −0.14% 5.63% 0.37%
SPLIT 0.69% 6.34% −1.38% 1.37%
DIVISION 0.01% 0.08% −2.70% 2.68%
AI 0.03% 0.08% 0.01% 0.04%

NP: number of patches; PD: patch density; SPLIT: splitting index; DIVISION: landscape division index; AI: aggregation index.

change than in the first phase. Within the nature
reserve, the change area of new habitat and lost hab-
itat was very close, as well as their absolute habitat
quality change. Referring to the habitat change out-
side nature reserve, there was a large amount of hab-
itat area change. A lot of habitat (10 988 ha) turned
into another kind LU type, about twice as large as
the newly created habitat. The main reason is that a
very large area of paddy fields turned into another
kind of none habitat such as fish farming (1463 ha),
urban area (377 ha), village area (591 ha) and other
construction area (1568 ha). Additionally, there was
also a large amount of sparse forest area (1822 ha)
turned into high coverage forest which is not suitable
for overwintering water birds. For the habitat qual-
ity outside the nature reserve, the absolute value of
average habitat quality in newly created habitat areas
was higher than the lost habitat area. The reason is
that the lost habitat area was mostly paddy field and
sparse shrub area, with a comparatively low habitat
quality.

From the habitat quality maps of 1995, 2005 and
2015 (figure 3), most of the high quality habitats
were distributed in the wetland area, while the low
quality habitat was distributed in the buffer area.
In 1995, there was only one nature reserve (Poy-
ang national nature reserve); in this nature reserve,
almost the entire area was of high quality. By 2005,
all the overwintering water bird nature reserves had
been created, and most nature reserves had high
habitat quality. However, some parts of the nature
reserve in the north, east and south of the Poyang
Lake wetland had low quality. During 1995–2005,
most of the habitat change area was outside the
nature reserve range, and its areas that increased and
decreased were approximately equal (figure 4). How-
ever, within the nature reserve area, changes were
much less. In 2015, all nature reserves had already
existed for a long time, and most nature reserve areas
still had high-quality habitats. During 2005–2015,
there were large areas of habitat quality change both
inside and outside the nature reserve, andmost of the
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(a)                               (b) 

Figure 5. Spatial distribution of the long-term average NPP value (left, gC/(m2 · a)) and habitat connectivity value in 2015 (right)
in the Poyang Lake wetland.

change occurred around the edge of the nature reserve
(figure 4).

3.2. Change ratios of human occupied area
(threats) within and outside the nature reserve
Generally, in both stages, the human-related LU/LC
type experienced a decreasing trend within the
natural reserve range while increasing in the area out-
side the nature reserve range. Regarding the threats
within the nature reserve range, most of the threats
decreased during both stages (table 2). During 1995–
2005, nearly all threats experienced a large decrease
except for the roads. Compared to the first stage, half
of the threats during 2005–2015 decreased, while the
others increased obviously. In this stage, fish farms
were themost obvious increasing threat, increasing by
729 ha, which was nearly 65% of the total change in
threats within the nature reserves. Many paddy fields
and natural wetlands changed into fish farms during
this stage.

As for threats outside the nature reserve, almost
all of the threats increased in both study stages, except
for farmland reduction in both stages and fish farm
reduction in the first stage. Specifically, the farmland
decreased (1116.67 ha) and the fish farm decreased
(815.15 ha) were the most important threat changes
during 1995–2015. However, during 2005–2015, the
most important changes were the farmland decrease
(1685.63 ha), the fish farm increase (1636.64 ha) and
other construction land increases (2735.61 ha).

3.3. Fragmentation change in landscape within
and outside the nature reserve
The change trends from fragmentationwere not com-
pletely constant with the change trends of habitat
quality and its threats. Generally, the NP and PD
increased during the study period, especially within
the range of the nature reserves (table 3). However,
the main reason for these trends was that water-
related LC types (such as rivers, lakes, muds and

marshlands) changed into each other because of the
frequent increase and decrease of the water level in
Poyang Lake. These habitats are all natural habitats
for overwintering water birds; they change into each
other but still connect together, which does not have
an obvious impact on habitat quality.

Other landscape indicators showed an improve-
ment in landscape quality within the range of the
nature reserves in the first study stage, but there was
a decrease in the second stage. The SPLIT and DIVI-
SION indicators decreased during 1995–2005. Mean-
while, the AI slightly increased in the same period.
However, the landscape split and division increased
during 2005–2015, which means, from the perspect-
ive of the whole landscape, different types of land-
scape patches were created after the nature reserve has
existed for many years. However, the same type of
landscape patches became slightly aggregated in this
stage. As for outside the nature reserve, different types
of landscape patches split and the same type of land-
scape patches aggregated in both study stages; how-
ever, these trends were more apparent in the second
stage.

3.4. Biodiversity index and biodiversity hotspot
analysis
According to equation (4), we combined the long-
term average NPP map (figure 5(a)) and the hab-
itat quality map (figure 3), we obtained the current
biodiversity index value map of overwintering water
birds (figure 6). This map is consistent with the nat-
ural reserve range. From this figure, we also know
that most of the high biodiversity values were distrib-
uted in the southwest portion of the Poyang Lake area,
especially within the Poyang Lake national nature
reserve, the Nanjishan national nature reserve and the
Kangshan nature reserve.

Considering the importance of habitat connectiv-
ity, we kicked out the area where habitat connectivity
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Figure 6. Current spatial distribution of the biodiversity index (left) and spatial distribution of Z(G∗
i ) in the Poyang Lake wetland

(right).

Table 4. Current areas of hotspots and coldspots in the Poyang Lake wetland.

Hotspot Coldspot

Within nature reserve Outside nature reserve Within nature reserve Outside nature reserve

Area (Ha) 96 205 36 341 10 277 112 852
Ratio 72.58% 27.42% 8.35% 91.65%

is under 0.5, namely biodiversity value in these area
was assigned as 0. Then using spatial autocorrelation
analysis, we obtained the current spatial distribu-
tion of Z (G∗

i ) in the Poyang Lake wetland (figure 6).
According to this map, the biodiversity hotspot area
is 132 546 ha (table 4), which is 17.89% of the entire
habitat area. By comparing the biodiversity hotspot
distribution inside and outside the nature reserve,
we find that 72.58% of the hotspot area is within
the nature reserve. However, the other 27.42% of
the hotspot area represents the potential biodiversity
abundance area, which can be included in the nature
reserves in the future.Meanwhile, there are 123 130 ha
of coldspot area in the overwintering bird habitat
area, accounting for 16.61% of the entire habitat area.
For these coldspots, 8.35% are in the nature reserve,
and these sites are inappropriate for biodiversity pro-
tection.

4. Discussion

4.1. Nature reserve protection effects and policy
implication
In this study, we assessed the protection effects of
overwintering bird habitat from three dimensions:
habitat quality, threats and landscape fragmentation.
The results showed that habitat represented by these
indicators had similar change tendencies during the
study phases, but presented a lot of differences as well.
Previous studies tended to either focus on habitat and
threats (e.g. Polasky et al 2011, Sun et al 2015, Tang
et al 2016) or on landscape fragmentation (e.g. Ke
et al 2011,Wang et al 2013). This approach can lead to
inaccurate results. Our assessment method not only
considers the landscape structure but also includes

the human impact factors. Moreover, the interaction
between human impact factors and habitat itself is
considered.

Regarding the final protection effect of the nature
reserve, our results showed that the nature reserve
had a positive effect on biodiversity conservation
when compared to habitat change outside the nature
reserve. However, there are also tremendous changes
in the Poyang lake wetland, including a lot of changes
within the nature reserve, which shows that the role
of the protected area still needs to be discussed, as
many previous studies have noted (Liu et al 2001,
Pimm et al 2014, Gray et al 2016). Sun et al (2015)
conducted some village-scale studies in the Poyang
Lake wetland and showed a more obvious improve-
ment in overwintering water bird habitat as a result
of ecological restoration projects, such as returning
farmland to lake and returning farmland to forest in
some villages (Sun et al 2015). Our study also showed
similar improvements during 1995–2005, when tre-
mendous ecological restoration projects were imple-
mented. However, after that stage, although there
were still some ecological restoration projects, a lot of
restored ecological land turned back into cultivated
land because of economic reasons (Jiang 2006, Harris
2016). And also large amounts of paddy field turned
into fish farming, in there, overwintering water birds
were hardly visited (Sun et al 2015). Moreover, as
showed before, there were many constructions dur-
ing 2005–2015, especially outside the nature reserve,
which not only occupied some habitat, but also
made great pressure on the habitat. Habitat condi-
tions during migration can influence bird survival
(Hewson et al 2016). All the degradation in Poyang
lake wetland might impede movement and thereby
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reduce migration success and survival. Finally, it
will breakdown migration networks and impact the
bird survival in the breeding place in Northeast
Eurasia. In fact, the connectivity of East Asian–
Australasian flyway migration networks decreased
continuously over the past 15 years because of deteri-
orating environmental conditions (Xu et al 2019). For
example wetlands has been decrease obviously dur-
ing the past ten more years in Yangtze river basin in
China (Xu et al 2019). Some of the stop sites no longer
being utilized bymigrants (Verkuil et al 2012). There-
fore, as the most important overwintering bird area
in east Asia, the conservation effects in Poyang lake
wetland has great influence on protection of overwin-
tering birds in Northeast Eurasia. The nature reserve
conservation policy should also be combined with
restoration engineeringmeasures for the threats from
human being. For example, we should be aware that
by 2015, there were still 1238 ha of human settle-
ments and farms and154.41 km of road within the
nature reserve, and these should be eliminated gradu-
ally, except for some infrastructure for protection.
Even if they cannot be removed, human-related LU
management should be more strictly implemented. A
priority for conservation efforts should be to develop
whole-lake management plans for wetland systems
(Wang et al 2017).

4.2. Framework of biodiversity index
We have built a biodiversity index to determine the
spatial distribution of biodiversity in the Poyang Lake
wetland. The NPP, habitat connectivity and hab-
itat quality are considered in this index. These three
indices are crucial to keeping the biodiversity and eco-
system stable and integrated (Yu 1999, Yu et al 2009,
Wu et al 2013, Xie et al 2018), as these factors rep-
resent the source basis, ecosystem process and inter-
action of habitat and human factors at the same
time. However, before using the comprehensive biod-
iversity index, principle components analysis should
be used to reduce colinearity.

For the three indicators, firstly, habitats with
high productivity provide more available sources and
energy to sustainmore individuals and viable popula-
tions, increasing the survival probability and decreas-
ing the extinction risk of species (Wright 1983, Evans
et al 2005). Some case studies have shown that spe-
cies richness is highly related to NPP (Wu et al 2014,
Cai et al 2018). However, it is difficult to obtain long-
term biological data in field studies, yet with the rapid
development of remote sensing technology, building
a regional NPP dataset is feasible and realistic. There-
fore, NPP is an ideal data type for biodiversity assess-
ments. Species data limitations call for the further
exploration of the potential of remote to character-
ize habitat features related to diversity and abundance
at spatial scales relevant to conservation and man-
agement (Dronova et al 2016). NPP is determined by

photosynthesis, temperature, precipitation and evap-
oration (Cramer et al 1999, Liu et al 2015). Therefore,
climate factors are also included in our biodiversity
index. Climate factors are likely to have a large impact
on biodiversity, from organisms to biomes (Céline
et al 2012). In our study, in order to avoid the climate
fluctuate impact on currently biodiversity status, we
used a long period (2000–2010) of average monthly
(from December to February) NPP values to express
the current NPP spatial distribution in the Poyang
Lake wetland.

Second, habitat quality assessments consider hab-
itat suitability and human activities (threats), but
if a patch of high quality is isolated from other
habitats, it will not exchange with others. Our res-
ults also indicated that the habitat quality change
tendency is not completely in agreement with the
change in landscape fragmentation. Therefore, both
habitat quality and habitat connectivity should be
included in the biodiversity index. Habitat connectiv-
ity is an important indicator for measuring ecosys-
tem processes (Xiong et al 2008). Habitat connectiv-
ity is one of the key factors for biodiversity con-
servation and maintains the stability and integra-
tion of ecosystems (Taylor et al 1993). Highly con-
nected patches are more efficient in realizing eco-
system function, and a higher connectivity value
indicates a higher capability for ecosystem circu-
lation (Matlack and Monde 2004). For the wet-
land area, an individual wetland seldom meets all
the requirements (e.g. foraging, resting, roosting,
and nesting sites Thus, connectivity can provide the
resources required by diverse waterbirds (Kelly et al
2008, Ma et al 2010), and connectivity also increases
the potential food availability for water birds. How-
ever, hydrological fluctuations are important fea-
tures in wetland areas; thus, hydrological connectivity
should be included in future studies (Xia et al 2016,
Hagy et al 2017).

Except for climate change, LU is the most import-
ant factor expected to drive unprecedented rates of
biodiversity degradation (Riordan and Rundel2014).
Habitat quality assessments by InVEST are based on
LU/LC data, and InVEST has great advantages in
terms of quantifying the impact of spatial human
activities on habitat. It has also been proven to
be reliable in large-scale assessments (Sallustio et al
2017) and has been widely used in many case studies
(Terrado et al 2016, Kennedy et al 2016, Lin et al 2017,
Sallustio et al 2017). However, there are some con-
cerns about InVEST regarding its oversimplification
and tendency to smooth habitat complexity over the
landscape (Sallustio et al 2017), especially in the high
biodiversity portion of the study area. To reduce this
problem in our study, we used the long-term (2000–
2010) average biomass amount of each habitat type
to represent the relative habitat suitability in the Poy-
ang Lake wetland. Another limitation of the InVEST
model application is that most current studies do
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not consider the threats outside the study area; how-
ever, these threats also have a large impact on hab-
itat quality (Baral et al 2014, Sharp et al 2018). In
our study, we included all the threats from the entire
Poyang Lake wetland region, which minimized this
problem.

4.3. Biodiversity hotspot for conservation priority
area
Biodiversity hotspots have become a tool for set-
ting conservation priorities to minimize human-
wildlife conflicts (König et al 2020) and play an
important role in biodiversity preserve decision-
making (Marchese 2015). In addition, biodiversity
hotspots should be used in a more comprehens-
ive way (e.g. Marchese 2015). Our study obtained
biodiversity hotspots based on the biodiversity index
from a broad sense of biodiversity hotspot defin-
ition. Since Myers (1988) built up the concept of
biodiversity hotspots, vulnerability and irreplaceab-
ility are the core measure for conservation planning
(Margules and Pressey 2000). Most related studies
focus on high concentrations of endemic species and
high habitat loss. However, the species-related hot-
spot approach ignores some important biodiversity
dimensions because the ecosystem is a complicated
and dynamic system (Pereira et al 2013). For example,
wetlands are considered one of the largest unknown
element dynamics and matter flux ecosystems (IPCC
(International Panel on Climate Change) 2001), and
even the water birds that use the habitats might not
correctly reflect the quality of the wetland habitats
(Horne 1983). Therefore, hotspot analysis based on
the bottom of the ecosystem impact factors, such
as NPP, habitat connectivity and habitat quality,
might be a feasible and effective method that can
be used for biodiversity hotspot analysis. We should
also emphasize that there are obvious spatial auto-
correlations among species and among the differ-
ent habitat patches (Liu et al 2010). Previous species-
related biodiversity hotspot analysis seems to neg-
lect this aspect. In our study, we included spatial
autocorrelation analysis in the biodiversity hotspot
approach. For biodiversity conservation, normally,
current biodiversity hotspots in our study could be
used as conservation priority area. However, there
are also some other areas that need to be protected,
for example, during last several decades, there were
tremendous high quality habitat areas lost, which
could be restored and be included in the conservation
priority area.

5. Conclusion

The overall objective of this paper was to assess the
protective effect of overwintering water bird habitat
quality by considering nature reserves and search-
ing for conservation priority areas in the Poyang
Lake wetland. By comparing the habitat, threats and

landscape fragmentation change within and outside
the nature reserve, we concluded that the nature
reserve had a positive effect on the habitat of over-
wintering water birds. However, tremendous changes
indicate that the effect of the protection area still
needs to be discussed, as many previous studies
have noted. In the future, nature reserve conserva-
tion policy should also be combined with restoration
engineeringmeasures and regional synthesis LUman-
agement plans should be carried out.

The results of the habitat assessment also indic-
ated that the built biodiversity index should not
consider only habitat quality or only landscape
fragmentation. A comprehensive biodiversity index
framework based on NPP, habitat connectivity and
habitat quality needs to be built for habitat assess-
ment and for identifying areas of protection prior-
ity. This biodiversity index should represent the eco-
system source basis, ecosystem process and human
activity impact on ecosystems. Finally, biodiversity
hotspot analysis based on the biodiversity spatial dis-
tribution showed that the protected areas should be
re-planned and redesigned in the near future in our
study area.
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