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Abstract: Biodiversity maintenance is a crucial ecosystem service. Due to time limits and data
availability, assessing biodiversity using indicators or models has become a hot topic in recent
decades. However, whether some proposed indicators can explain biodiversity well at the local scale
is still unclear. This study attempted to test whether the habitat quality index (HQI) as measured
using the integrated valuation of ecosystem services and trade-offs (InVEST) model could explain
variations in bird diversity in New Jiangwan Town, a rapidly urbanized region of Shanghai, China.
The relationships from 2002 to 2013 among HQI and the two diversity indices, species richness
and species abundance, were analyzed using Fisher’s exact test and gray correlation analysis. No
significant association was found. Habitat connectivity was then integrated to develop a new
combined indicator of habitat quality and connectivity index (HQCI). The associations between HQCI
and the two diversity indices were improved significantly. The results indicated that connectivity
may be an important factor explaining the diversity of certain species at a local scale. More empirical
studies should be conducted to provide scientific evidence relating habitat quality to biodiversity.

Keywords: habitat quality index; biodiversity maintenance; HQI; HQCI; bird species richness
and abundance

1. Introduction

Biodiversity maintenance is a crucial ecosystem service and is strongly associated
with other ecosystem services [1]. It can directly influence the provision of many other
ecosystem services, such as pollination and pest regulation, which are sensitive to specific
species communities [2,3]. It can also indirectly affect some ecosystem services related to
biological processes, such as the sequestration of carbon and nutrients [4,5], by influencing
inner ecosystem processes, such as mediating the activities of species as mediators [6]. The
evaluation of biodiversity has become a hot issue, especially since the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) was set up in
2012 [7]. Biodiversity maintenance has been applied in many scientific and practical
fields, including identification of ecological patterns [8] or conservation prioritization [9],
provision of references for policymaking [10], and exploration of marketing the value
of biodiversity for economic needs of the government [11]. A reasonable assessment of
biodiversity is also of great importance for the effective utilization of other ecosystem
services [12].

Various evaluation methods for measuring biodiversity have been widely developed
since Fisher first came up with an index for measuring species populations [13]. Various
diversity indices refer to the quantitative measurement of different characteristics of species
diversity based on field observations and direct records [14], including richness [15], abun-
dance [16], the Shannon–Wiener index [17], and the Simpson index [18]. With the increased
need for scientific research and developing advanced technologies, more proxy indicators
and models have been developed in recent years [19]. These methods mainly depend on
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more available data [20], such as remote-sensing images [21], and make measuring biodi-
versity more efficient and feasible [22] since it can save a great deal of time and energy for
researchers [23]. Thus, these kinds of indicators have been increasingly used in biodiversity
studies [24].

The habitat quality index (HQI) calculated using the integrated valuation of ecosystem
services and trade-offs (InVEST) model, which provides evaluation methods for more than
twenty-five ecosystem services [25–27], and has been applied in modern scientific studies as
well as for future constructions [28], is one such indicator. HQI represents the ability of the
habitat to continuously provide stable living environments for organisms [29]. It has been
widely calculated and analyzed in related studies [30]. It can benefit land-use planning [31]
and the identification of ecological conservation areas [32]. However, some studies have
suggested that the applicability of HQI for directly assessing biodiversity maintenance
should be verified further [33] due to its simplification of ecological processes [34]. More
studies should be undertaken to explore which aspects of species diversity the HQI can
explain and how HQI can be improved for more precise evaluations, so it can be more
widely applied in biodiversity studies. An attempt to explore combining landscape struc-
ture indices (e.g., fragmentation index, separation index, and fractal dimension index) with
HQI has been made, which was useful for explaining the spatiotemporal change of plant
biodiversity at a regional scale [33]. However, studies on how to explain animal diversity
have not been deeply explored.

Landscape patterns have been proved to significantly impact various aspects of species
diversity, as the inner heterogeneity of a landscape can affect various ecological processes
and biological behaviors [35]. Various studies have indicated that many landscape pat-
tern indicators have positive or negative correlations with different species diversity in-
dices [36,37]. The consideration of some landscape indicators may help to improve the
association between HQI and species diversity. Habitat connectivity is one such critical
indicator; it can promote or inhibit the flow and retention of species, materials, and even
energy [38,39]. It also affects a series of biological processes, such as migration, resource
utilization, and reproduction of species, by influencing the isolation of patches of habitat
in a region [40,41]. Many studies have proved that habitat connectivity affects species
diversity, such as richness, abundance, and evenness. Therefore, whether it is useful to be
combined with HQI is a worthy subject.

The habitat loss and fragmentation caused by urbanization hinder the movements of
many species and interfere with their activities, which has a great influence on biodiversity
worldwide [42]. In our study, New Jiangwan Town, a rapidly urbanized region in Shanghai,
was selected as the study area. The variation in bird diversity was selected since birds
are important species indicators for measuring biodiversity in urban areas [43]. They are
highly sensitive to habitat loss and fragmentation [44,45]. The relationship between the
HQI and two indexes, species richness and species abundance, representing two important
characteristics of species diversity, were tested separately to explore whether variations
in habitat quality could explain the change in bird diversity in a specific region. The
probability of connectivity (dPC), which measures connectivity among habitats [46,47],
was selected to be combined with HQI to develop a new indicator. Whether consideration
of dPC could improve the ability to explain the species richness and abundance of birds
was further discussed.

2. Materials and Methods
2.1. Study Area

Our study area, New Jiangwan Town, is located at 121◦29′12′ ′~121◦31′47′ ′ E,
31◦18′39′ ′~31◦20′57′ ′ N, in the northeast corner of Shanghai, China (see Figure 1). The area
of New Jiangwan Town is about 6.56 km2. It has a subtropical monsoon climate with an
annual average temperature of 17.6 ◦C and precipitation of 1173.4 mm. Before the early
20th century, complicated river networks and widespread wetlands were dominant in this
region. However, since it was turned into a military airport in the 1930s, many natural
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areas, including forestlands, shrublands, water bodies, and wetlands, were converted
into artificial constructions [48]. The airport was abandoned in 1989, and most of the
constructions were demolished, leaving the ecosystem undisturbed to experience ecolog-
ical succession. During this period, the region provided a superior habitat for various
species, especially various birds. From 2001 to 2003, 114 bird species were observed and
documented in New Jiangwan Town, accounting for approximately 29.38% of the bird
species in Shanghai, despite the fact that the region’s area only took up 0.15% of Shanghai’s
area [49]. However, since 2003, with rapid urban expansion, the landscape pattern has
undergone dramatic changes [50]. Due to habitat loss and fragmentation during this rapid
urbanization, both the richness and abundance of birds in New Jiangwan Town have been
influenced significantly [51].

Figure 1. Location of the study area.

2.2. Data Collection

Land-use data of New Jiangwan Town were selected from raster files interpreted
based on satellite images from Google Earth over seven years, 2002, 2004, 2006, 2008, 2009,
2012, and 2013. Land use was classified into seven types: built-up land, bare ground, forest-
land, grassland, shrubland, water bodies, and wetland. Bird observation data for 2002,
2004, 2006, 2008, 2009, 2012, and 2013 were collected from the China Bird Records Center
(http://www.birdreport.cn/. accessed on 20 May 2021). There were three observation
areas in our study area, the original Jiangwan airport, the Jiangwan campus of Fudan Uni-
versity, and a green space around the New Jiangwan Town subway station. The data were
recorded by volunteer citizens and researchers under the supervision of professional or-
nithologists for the same seven years. The observations were conducted once per season be-
fore 2004 and then twice per year after 2004. The observers were required to keep walking at
1.0–1.5 km/h with binoculars and to take notes of birds’ movements nearby. The notes
included the date, location, and the species and number of birds. According to some
previous bird studies with similar species and study areas [52,53], environmental charac-

http://www.birdreport.cn/
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teristics of the study areas, field observations, and previous work [51], the bird categories
were classified into forest birds (birds mainly inhabiting forestland), open-area birds (birds
mainly inhabiting grassland and shrubland), and water birds (birds mainly inhabiting
water bodies and wetland). A detailed classification of the species and explanations of their
habitat types are shown in Appendix A [51].

2.3. Methods
2.3.1. The HQI Calculated Using the InVEST Model

The InVEST model defines HQI as the potential of ecosystems to support species
survival, reproduction, and activities [29]. The variations in HQI were applied to explain
changes in the habitat area, which is one of the processes in habitat loss and fragmenta-
tion [54]. The formulae of the HQI are as follows: the HQI of patch x, which is in land use
type j (LULCj), is given by Qxj:

Qxj = Hj

(
1−

(
Dz

xj

Dz
xj + kz

))
(1)

where z and k are scaling parameters and Hj is the suitability of land use j for the species.
Generally, it is considered that the suitability of natural areas is relatively high, and that
of human-dominated lands is much lower [29]. In our study, the habitats were divided
into three groups according to the classification of bird habitats. Forest area refers to the
forestland; open area includes grassland and shrubland; water area refers to water bodies
and wetland. Due to a lack of bird studies implemented using the InVEST model, all
the habitat suitability values of the habitat types were set as 1 for corresponding birds,
while other land-use types were set as 0, according to other habitat-quality studies [55,56].
This assumption suggested that this habitat type was the most suitable for inhabitation,
activities, and reproduction of birds than other types of habitats or artificial areas.

The threat level in grid cell x of LULCj is given by Dxj, referring to the extent to which
a habitat is affected by threats in the surrounding environment:

Dxj = ∑R
r=1 ∑Yr

y=1

(
Wr

∑R
r=1 Wr

)
ryirxyβxSjr (2)

where y indexes the grid cells on r’s raster map. Wr is the relative influence weight of threat
factor r on the habitat. ry is the value of the threat factor on grid y. βx is the protection level
of the grid x. Sjr is the sensitivity of land j to threat factor r. irxy is the influencing weight of
threat factor ry in grid y on habitat grid x. If the influence of the threat attenuates linearly
with distance, the formula is:

irxy = 1−
dxy

dr max
(3)

If the influence of the threat decays exponentially with distance, the formula is:

irxy = e−
2.99

dr max
dxy (4)

where dxy is the linear distance between habitat grid x and threat grid y, and dr max is the
maximum effective distance of threat factor r. The human-dominant areas (i.e., artificial
areas) tended to be regarded as threats to the natural areas. However, bare ground was
also considered to have no influence on habitats in many studies [29,57]. In our study,
built-up land was selected as the threat area due to the sensitivity of birds to urban
areas and human activities and because the bare ground would not interfere with the
birds’ inhabitation [29]. According to previous studies in similar urban areas and the
characteristics of the local environment, the influence weight of the built-up land on
habitats was settled as 0.7, as it includes residential areas and roads but lacks industrial
areas. In addition, the maximum distance of its influence was set as 2 km. Within the
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influence range, the influence weight decayed exponentially [58,59]. There were various
sensitivities to the threats for different habitat types, which were also settled according to
previous literature and the local environment [60,61]. In our study, the water area was the
most sensitive to the threat of built-up land, while the open area was the least sensitive [62].
Meanwhile, the sensitivity of natural areas to the threat was adjusted according to the
characteristics of the studied species in the calculation [63]. When studying a certain bird
species, the sensitivity value of the corresponding habitat type was higher than that of
other habitat types. The values of habitat suitability, a threat’s influence on habitats, and the
sensitivity of habitats to the threats in New Jiangwan Town from 2002 to 2013 are provided
in Appendix B, Table A1. For each type of habitat, the HQI values of the grid cells were
summed and averaged.

2.3.2. Habitat Connectivity Measured by the Graph-Based Connectivity Index, dPC

dPC is an index expressing habitat connectivity [47], which is explained as the proba-
bility that birds will randomly migrate from one patch to another within a certain distance
threshold in our study. This index makes it possible to integrate two habitat patches that
are not closely adjacent into one whole habitat area for birds, which cannot be explained
by HQI. When habitat connectivity declined, the dPC fell due to the enlarging of habitat
isolation. The ecological flow was interrupted as a result of the habitat change [64]. Conefor,
a software for quantifying the importance of connectivity of habitat patches through graphs
and availability indexes [65], was used to calculate the dPC of each habitat patch. The
formula is as follows:

PC =
∑n

i=1 ∑n
j=1 ai × aj × p∗ij

AL2 (5)

where n is the total number of habitat nodes in a landscape, ai and aj are the attributes of
nodes i and j, and AL is the maximum of the attribute. If a node attribute is the area of a
habitat patch, then AL is the total landscape area, comprising both habitat and non-habitat
patches. p*ij is the maximum probability of all possible paths between patches i and j. A
path is made up of a set of steps in which no node is visited more than once, and a step
connecting two nodes does not pass by any other intermediate nodes. dPC is the PC value
of a concrete node. Based on the literature, we adjusted the threshold distance settings
when calculating the dPC for the habitats of different kinds of birds, depending on their
migration abilities and activity ranges. The threshold distance was set at 1200 m for forest
birds, 500 m for open-area birds, and 200 m for water birds [66–68].

2.3.3. The New Compound Indicator Considering Both Habitat Quality and Connectivity

Both the HQI and dPC measure just one aspect of habitat change and cannot solely
explain the change in habitat quality well since habitat loss and fragmentation often
consist of complex processes that occur simultaneously [56,69]. When a habitat area and
connectivity decline simultaneously, the habitat patches will suffer from more threats due
to the enlargement of their edges, while their inner connectivity also declines. Therefore,
HQCI, a combined indicator of HQI and dPC, was developed to be well associated with
real-world diversity changes, as shown in Figure 2. The formula of the HQCI is as follows:

HQCI = HQI × dPCnor (6)

where dPCnor is the normalized value of the dPC. HQCI reflects the suitability, impacts
of surrounding threats, and the extent of isolation of the habitats. The distribution maps
and the statistical box plots of the dPC are shown in Appendix D. In each patch, classified
based on the land use type, the HQI and dPC were multiplied and averaged.
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Figure 2. Conceptual view of the three processes in habitat loss and fragmentation, expressed by three indices.

2.3.4. The Calculation of Bird Diversity

Numbers, evenness, and differences of species are various aspects of biodiversity [15].
In our study, species diversity was expressed by the species richness (number of bird
species observed within a year) and species abundance (mean number of each bird species
observed within a year) for birds, which are two crucial indices for measuring the numbers
of a species population [15,70]. Although the question of how these indices are affected by
connectivity is still controversial [71], many studies have proved that habitat connectivity
can affect species richness and abundance [72–74]. In our study, species richness and the
abundance of birds were calculated directly according to the observation data.

2.3.5. The Statistical Methods

All the data, including the HQI/HQCI and bird species richness/abundance, for
the three habitat types mentioned above were integrated into the analyses to explore the
general ability of the HQI/HQCI to explain bird diversity. The significance of the difference
between the HQI and HQCI was examined using the Mann–Whitney U-test in SPSS v.22 to
ensure the comparability of the data.
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Fisher’s exact test, a statistical significance test for categorical variables [75] of small
samples of data [76,77], was adopted to analyze the associations between HQI/HQCI and
bird species richness/abundance. Before the test, all the data were divided into two groups
according to their mean values. Values greater than the mean were reclassified as 1, and
those smaller than the mean were reclassified as 2.

To further explain the results of Fisher’s exact test and compare the distinctions
among the different bird categories, gray correlation analysis was applied to explore the
associations between the HQI/HQCI and bird species richness/bird species abundance for
the different habitat types, respectively, using the SPSS v.22 tool. This was an arithmetical
method based on the similarity of the variation trends between factors without limits in
the sample size of data [78]. The calculation of the gray correlation degree of factor i, ri, is
as follows:

ri =
∑n

k=1 ξi(k)
n

(k = 1, 2, . . . . . . , n; i = 1, 2, . . . . . . m) (7)

ξi(k) =
min

i
min

k
|x0(k)− xi(k)|+ ρmax

i
max

k
|x0(k)− xi(k)|

|x0(k)− xi(k)|+ ρmax
i

max
k
|x0(k)− xi(k)|

(8)

where xi(k) is the kth data of the ith factor; x0(k) is the kth data of the factor, which is used to
detect correlations with other factors; m is the number of detected factors; n is the number
of data points in the factor column, and ρ is an adjustable coefficient and was set at 0.5
in our study. In the gray correlation test, the correlation between HQI/HQCI and species
richness/species abundance was detected separately for each bird species. Based on the
results, we prepared a detailed discussion about the advantages, limitations, and future
applications of the HQCI.

3. Results
3.1. Variations of Land Use Types and Bird Diversity

(1) The variations of the land use types

The distributions and variations of the land use types in New Jiangwan Town from
2002 to 2013 are shown in Figure 3. Before 2004, natural areas, especially water areas,
were dominant in New Jiangwan Town, accounting for 75.65% and 60.80% of the total
area, respectively. With the expansion of urbanization that mainly occurred in the midland
and the north, the area of the artificial area increased significantly, by 149.38%, which was
mainly contributed to by built-up land, which increased by 343.11%. The water areas
throughout the north and the south, as well as the forest areas in the east and the southwest,
rapidly fragmented during the study period. Their areas decreased by 74.05% and 18.59%,
respectively. In comparison, the open area gradually expanded and increased by 103.39%
in the east and the south of the study area. In 2013, the artificial area was dominant in New
Jiangwan Town, accounting for 60.74% of the region. The forest areas, open areas, and
water areas accounted for 4.49%, 18.98%, and 15.78%, respectively. Most of these natural
areas were scattered among the artificial areas, except for the open areas and water areas
found in the southern part of New Jiangwan Town.
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Figure 3. Variations in land-use types in New Jiangwan Town from 2002 to 2013: (a) spatiotemporal distribution maps and
(b) stacked-bar charts of the proportions.

(2) The variations of the bird diversity

The variations in species richness and abundance for three categories of birds in
New Jiangwan Town are shown in Figure 4a,b, separately. From 2002 to 2013, the total
species richness of birds declined by 47.4%. The total species abundance of the birds
experienced severe fluctuations and increased by 72.6%. Among these, the percentage of
species richness of water birds had the largest decrease, followed by open-area birds and
forest birds. In contrast, the percentage of species abundance of water birds decreased
by 60.0%. In comparison, that of open-area birds and forest birds increased by 76.1%
and 26.4%, respectively. In 2002, the percentage of species richness of forest birds was
dominant (46.0%), followed by waterbirds (30.3%) and open-area birds (23.7%). A similar
situation could be observed for the percentage of species abundance. However, in 2013,
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the percentages of species richness and species abundance of the open-area birds exceeded
those of water birds.

Figure 4. Variations in the species richness (a) and the species abundance (b) of the three bird categories in New Jiangwan
Town from 2002 to 2013.

3.2. The Assessments of Habitat Quality Calculated Using the InVEST Model

The habitat quality of different habitats was calculated using the InVEST model. The
variations in the habitat degradation index for three types of habitats in New Jiangwan
Town from 2002 to 2013 are provided in Appendix C, Figure A2. To facilitate the com-
parison, HQI maps and variation box plots of the three kinds of habitats are shown in
Figure 5. The values of the HQI were classified into six different ranks using the natural
breaks method, including the highest HQI value (0.32–0.60), a high HQI value (0.27–0.32),
a moderate HQI value (0.23–0.27), a low HQI value (0.20–0.23), the lowest HQI value
(0.15–0.20), and the other habitats and artificial areas (0.00), respectively. As shown in
Figure 5a–c, the HQI of all three kinds of habitats experienced fluctuations, and the changes
for the forest area were the most complex. As shown in the box plots, both of the maximums
in the mean HQI values for the forest areas and open areas were observed in 2009, and that
of the water area appeared in 2012. The minimums in the mean HQI values for the forest
areas, open areas, and water areas were observed in 2004, 2002, and 2006, respectively. This
indicated that the changes in the mean HQI of the three types of habitats expressed by HQI
were not exactly consistent with the variations in the corresponding land-use types.
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Figure 5. Variations in the HQI of the three types of habitats in New Jiangwan Town from 2002 to 2013: (a) forest areas,
(b) open areas, and (c) water areas.

3.2.1. Habitat Quality for the Forest Areas

According to the box-plot on the right side of Figure 5a, the average HQI value of
the forest areas in 2013 did not significantly change compared with its value from 2002;
it only decreased by 1.32%. This was because its total area had experienced little change
over those two years. The proportion of forest areas surrounded by built-up land was low,
which was an important factor that resulted in the decrease in HQI. As shown in Figure 6a,
the forest areas with the highest and high HQI values were concentrated in our study area’s
southern and western parts in 2002 and from 2006 to 2009. The values of HQI in the central
and eastern parts were relatively low. However, the forest areas in the southern part of
our study area disappeared in 2012. The great increase (by 51.36%) in the mean value of
HQI from 2004 to 2009 was mainly due to the rise in the proportion of forest areas, with
the highest and high HQI values. However, HQI decreased by 25.72% from 2009 to 2013,
which was mainly caused by the degradation of the forest areas, with the highest and high
HQI values being found in the southern part of our study area.
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3.2.2. Habitat Quality for Open Areas

According to Figure 5b, the average value of the HQI for the open areas in 2013
increased by 21.82% compared with the value in 2002. As shown in Figure 3, most of the
open areas were concentrated in the eastern part of our study area in 2002. Some open
areas were scattered around built-up land, and they were easily influenced by human
activities. Thus, the grid-like areas in the northwestern region shrank with the increase
in the surrounding built-up land from 2004 to 2013. Some open areas that appeared in
2006 in the southern part had a relatively high HQI value, as they were mainly surrounded
by water areas and bare grounds, which had low disturbance values. During this period,
the mean value of HQI reached its highest in 2009, increasing by 12.67% from 2006, and
reached its lowest in 2006, decreasing by 2.30% from 2004, as the box plot shows.

3.2.3. Habitat Quality for Water Area

According to Figure 5c, the change in the average HQI value for the water areas in
2013 was not obvious compared with the value in 2002. Still, it showed a fluctuation similar
to the trend of the forest areas. In 2002, there were widespread and well-connected water
areas throughout the whole region. The values of their HQI were relatively high. However,
these areas were gradually marginalized and reduced in the north and the south with the
expansion of urban areas, especially as of 2009. The HQI values of the remaining water
areas constantly declined. The HQI values of the southwest water areas increased slightly
from 2006 to 2009; however, these areas vanished in 2012. Since 2009, some small water
areas recovered in the southernmost region and had the highest HQI value. Their sites
were far away from the disturbance of the central built-up land. Overall, the mean value of
HQI reached its lowest in 2006, decreasing by 21.22% from 2002, and its highest in 2012,
increasing by 28.63% from 2006.

3.3. The Relationships between Bird Diversity and HQI

The variations in the species richness and abundance for the three bird categories, as
well as the mean HQI values for the corresponding habitat types from 2002 to 2013, are
shown in Figure 6. The Fisher’s exact test was used to examine the association between the
bird diversity and HQI; however, there was no significant association between the HQIs
of bird species richness or bird species abundance. In the gray correlation results for each
habitat type, the gray correlation degrees between bird species richness and HQI were the
largest for the water birds, followed by open-area birds and then forest birds. The gray
correlation degrees between bird species abundance and HQI were the largest for forest
birds, followed by open-area birds and water birds.

It seems that the HQI showed negative trends for both bird species richness and
abundance (Figure 6a). Figure 6b–d shows that from 2002 to 2004, bird species richness
declined, bird species abundance increased, and the HQI initially declined. When the HQI
later changed, time-lags occurred between variations in the HQI and bird diversity. This
period of mismatch between the HQI and species richness lasted the longest for forest
birds, followed by open-area birds and water birds, which showed the same as those of
the gray correlation test. The same mismatch also occurred between HQI and bird species
abundance variations for all three habitat types. However, the consistency between HQI
and bird species abundance was higher than that of HQI and bird species richness. In
general, it could be concluded that the HQI evaluated using the InVEST model might not
explain species richness and species abundance of birds well at the local scale.
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Figure 6. Relationship between species richness and species abundance for three bird categories and the mean HQI values
for the according to habitat types: (a) all data in the three bird categories, (b) forest birds, (c) open-area birds, and (d) water
birds. The indexes in the results: p: the significance index of ‘s exact test; r: the gray correlation degree.

3.4. The New Compound Indicator HQCI and Its Relationship with the Bird Diversity
3.4.1. The Spatial and Temporal Variations of the New Compound Indicator HQCI

To improve the explanatory ability of HQI for variations in bird diversity, habitat
connectivity was integrated to develop a new compound indicator, HQCI. The distribution
maps and the statistical box-plots of the HQCI are shown in Figures 7 and 8. The HQCI
values were divided into six different ranks using the natural breaks method: the highest
HQCI value (0.15–0.31), a high HQCI value (0.08–0.15), a higher HQCI value (0.04–0.08), a
lower HQCI value (0.02–0.04), a low HQCI value (0.00–0.02) and the lowest HQCI value
(0.00), respectively. As shown in Figure 7, most of the habitats in the northern and southern
parts of the study area had high or the highest HQCI values in 2002, accounting for 79.12%
of the natural areas, which became 24.49% in 2013. These habitats fragmented, and their
HQCIs decreased to a lower level, especially from 2002 to 2006. The area with the lowest
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HQCI value gradually expanded during the entire study period, while areas with lower
and low HQCI values increased from 2002 but then declined constantly after 2006. As
shown in Figure 8, the HQCIs for the three types of habitats declined rapidly during the
first two years, then fluctuated slightly until 2013. From 2002 to 2013, the mean HQCI
values declined by 34.61%, 68.11%, and 70.22%, respectively. The mean HQCI value had the
greatest decrease for water areas and had the smallest decline for forest areas. Comparing
Figures 5 and 7, the distribution of the HQCI was similar to that of the HQI, but some
subtle differences existed. For example, the HQI value of the north was lower than that
of the south for water areas in 2012 and 2013, while the HQCI value of the north was
higher than that of the south. The dPC value of the northern water area was higher than
the value of the southern part. The data of the HQI and HQCI were examined using the
Mann–Whitney U test, and a significant difference (p < 0.05) was found, which proved the
comparability of these two indicators.

Figure 7. Distribution of the HQCI of New Jiangwan Town from 2002 to 2013.

Figure 8. Variation in the HQCI of New Jiangwan Town from 2002 to 2013, where F represents the
forest areas, O represents the open areas, and W represents the water areas.
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3.4.2. Relationship between Bird Diversity and the HQCI

The variations in the species richness and the species abundance for the three bird
categories and the mean HQCI values for the corresponding habitat types in New Jiangwan
Town from 2002 to 2013 are shown in Figure 9. Compared with Figure 6, it can be seen that
most of the associations between bird diversity and the HQCI improved. As the results of
Fisher’s exact test show, there was a significant association between the HQCI and bird
species richness at the 0.01 level (p < 0.01). The significance of the relationship between the
HQCI and bird species abundance was also higher than that between the HQI and bird
species abundance. Compared with the results shown in Figure 6, the gray correlation
degrees between the bird species richness and HQCI increased by 13.7% and 22.9% for the
forest areas and the open areas, respectively.

Figure 9. Relationship between species richness and species abundance for three bird categories and the mean HQCI values
according to habitat type: (a) all the data for the three bird categories; (b) forest birds; (c) open-area birds; (d) water birds.
The indexes in the results: p: the significance index of Fisher’s exact test; r: the gray correlation degree. *** represents a
significant correlation at the 0.01 level. The gold block indicates the association between the HQCI and the diversity index
improved compared with the HQI and is significant in Fisher’s exact test. The pale-yellow block indicates the associations
between the HQCI and the diversity indexes improved compared with the HQI but is not yet significant. While the block
with no color indicates that the correlation has not been improved compared to before.
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In comparison, they decreased by 2.2% for the water areas. The gray correlation
degrees between the species abundance and HQCI had small increases compared with
those between species and HQI for the three bird categories. This indicated that the
combination of dPC performed better in explaining the variations in species richness of the
forest birds and open-area birds, but not so for others.

The HQCI showed positive trends for both bird species richness and species abun-
dance, as shown in Figure 9a, which was the opposite of the relationship between HQI
and bird diversity. From Figure 9b–d, it can be seen that the consistency between bird
diversity and HQCI was easier to notice than HQI, except for bird species richness in water
areas (compared with Figure 6). There were still some mismatches between the trends
of HQCI and bird species richness. The period of the mismatch between the HQI and
species richness lasted the longest for water birds, followed by forest birds and open-area
birds, which showed the results as the gray correlation test. The consistency and delays
could also be found between HQCI and bird species abundance for the three types of
habitats.

4. Discussion
4.1. The Problems of the Habitat Quality Indicator in Explaining Bird Diversity at the Local Scale

Biodiversity maintenance is an essential ecosystem service due to its crucial ecological
functions in nature and various interactions with other ecosystem services [79]. It has
been one of the most researched topics of ecosystem service studies in recent years [80].
Developing effective methods to measure biodiversity is always a crucial and difficult issue.
Representing the habitat quality measured using the InVEST model, HQI mainly considers
suitability for species and the extent to which these species are influenced by different
land-use types [56]. The maps of HQI could easily exhibit spatial and temporal variations
in habitat quality, as shown in our study. However, there are still some acknowledged
problems when applying HQI in explaining some aspects of biodiversity. Our results
also suggested no significant association between the HQI and species richness or species
abundance of the corresponding birds in our local case. There are several potential reasons
for these results.

The simplification of the ecological process is the major problem in the InVEST
model [27]. The spatial heterogeneity has a crucial influence on habitat quality [81]. How-
ever, this is often ignored in the calculation of HQI [82]. Especially at the local scale, it is
not enough to evaluate the richness or abundance of species simply by using the same
parameters referring to previous references without considering the heterogeneity of the
same types of habitats. Averaging the HQI values of habitats to explain habitat quality
within a whole region is another problem of the model in explaining bird diversity. For
example, as shown in Figure 5, when the open areas expanded from 2009, the overall
capacity of the region for the richness and abundance of birds should have been improved
with the enlarging of the habitat area [40]; however, the mean HQI value of the open area
decreased instead, as such the HQI value of the newly emerged open area was very
low. In addition, the habitat will be affected when surrounding habitats, which are not
adjacent to it, disappear or recover [83], especially for animals [84]. The HQI ignores the
interactional influence among habitat patches, which influences its ability to explain
species diversity.
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4.2. Applicability of the New Combined Indicator of Habitat Quality and Connectivity in
Explaining Bird Diversity

Habitat connectivity has been proven to have a significant influence on biodiver-
sity [85]. For birds, of which survival, reproduction, and activities are highly sensitive to
the movements of matter and energy, variations in their populations can be easily affected
by the connectivity among habitat patches [43,86,87]. As shown in Figure 9, there was
a significant association between HQCI and bird species richness according to Fisher’s
exact test. Meanwhile, the associations between the HQCI and species richness for forest
birds and open-area birds were greatly improved by considering habitat connectivity from
the gray correlation test. The association between the HQCI and species abundance was
improved for all the bird categories and their integration. However, the HQCI did not
perform well in explaining the variation in species richness of waterbirds in our analysis.
The results indicated that different aspects of diversity for one species or one aspect of
diversity for different species could differ from each other.

The differences among the birds’ migratory abilities and their adaptability to new
habitats might have led to the differences in our results. Forest birds and open-area
birds tend to respond faster to environmental changes due to their stronger migration
abilities [88,89] since New Jiangwan Town is a small region within a city. Forest birds, able
to make long-distance migrations, can find other habitats more easily when their original
habitats deteriorate [90]. When the habitat quality of a region recovers again, they can
migrate back to the region. However, there are fragments that hinder the process [91].
This characteristic can also be supported by the sharp fluctuation in species richness and
species abundance of forest birds, shown in Figure 5a. Open area birds are supposed to
gather faster in a recovered habitat than forest birds, as they tend to migrate to the adjacent
breeding grounds when habitats deteriorate due to their smaller activity range [92]. Species
richness and species abundance of these two bird species easily rise again when the habitat
recovers. Therefore, their associations with the HQCI were higher, as shown in Figure 9.
For waterbirds, the water areas they inhabit are slower to recover compared with forest
areas and open areas [93]. It is also difficult to improve habitat quality within a short time
for water areas. It also takes longer for water birds to adapt to a new habitat without
a well-developed waterway [94]. They may not have adapted to the habitat conditions
of the water areas in the region during our study period. Thus, it was harder to explain
the diversity in water birds according to the HQI or HQCI than those of the other two
categories of birds.

4.3. Limitations of the Present Study and Potential Guidance for Further Studies

There are still some limitations in the indicator calculation, which were not overcome
in this study. Due to a lack of data, the same values of the input parameters, such as
habitat suitability and the characteristics of the threats’ influences, were often used for
the HQI calculation in different regions over a long period [56]. However, these charac-
teristics often showed temporal and spatial variations in reality, such as the composition
and growth conditions of vegetation [95] and the quality of water [96]. Factors, such as
LAI [97], NPP [33], and some evaluating indexes for the water quality [98], are important
for examining variations in habitat quality for long time periods. Their changes should
be considered for improving the explaining ability of real-time habitat quality in further
studies.

The influences caused by a change in bird species in the correlation analyses should
not be ignored. First, birds may have different responses to an environmental change.
For example, the hysteresis effect, which is a commonly recognized factor influencing
biodiversity [99,100], may lead to a mismatch between bird diversity and habitat quality.
Additionally, many studies have suggested that the widely studied issue of the threshold
value, existing in species population dynamics, has a strong relationship with habitat
quality and may be affected by habitat loss and fragmentation [101,102]. In our study,
the possible existence of a threshold effect in habitat quality may also contribute to the
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mismatch between bird diversity and habitat quality, as observed in the variation of HQI
and species richness of open-area birds. Second, the invasion of an alien species is another
possible disturbance factor, often occurring in fragmented landscapes [103,104]. Especially,
some urban-adapted birds that prefer to live near human-dominated areas may move into
the region with the expansion of an artificial area [51]. In our study, the sharp fluctuation
of all bird diversity, especially forest birds, may also be caused by increased alien birds,
except for the influence of habitat quality change. Distinguishing alien species and the
migration of local species is an important issue for further studies.

5. Conclusions

Explaining the variations in biodiversity at different scales has long been a hot topic.
Our study provided some empirical evidence for relating the evaluating indicators of
habitat quality (HQI and HQCI) to two diversity indices (species richness and species abun-
dance) at a local scale. The associations between the overall HQI and the diversity indices
and corresponding bird categories were separately not significant. Habitat connectivity
expressed by dPC was then combined to develop a new index, HQCI, which showed better
interpretability for the changes in bird diversity. This was the case especially for the species
richness of forest birds and of open-area birds. It indicated that habitat connectivity may be
an important factor for explaining the diversity of certain species at a local scale. However,
the associations between HQCI and species abundance were still not significant in our
study. Influences, such as time lags in a species’ response to an environmental change
and the invasion of an alien species, may lead to their weak relationships. Additionally,
the characteristics and the spatiotemporal variations of the internal habitat heterogeneity
should be included in the model in future studies. More empirical studies should be done
at different scales to provide enough evidence for applying habitat quality to be associated
with biodiversity.
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Appendix A. Classification of Species and the Explanations of the Habitat Types
for Birds

Name Family Species Habitat Type

Japanese Quail Phasianidae Coturnix japonica O1
Common Pheasant Phasianidae Phasianus colchicus F3

Mandarin Duck Anatidae Aix galericulata W1–F2
Mallard Anatidae Anas platyrhynchos W1

Spot-billed Duck Anatidae Anas poecilorhyncha W1
Philippine Duck Anatidae Anas luzonica W1

Tufted duck Anatidae Aythya fuligula W1
Eurasian hoopoe Upupidae Upupa epops O2

Dollarbird Coraciidae Eurystomus orientalis F2
Common Kingfisher Alcedinidae Alcedo atthis W3

Black-capped
Kingfisher

Alcedinidae Halcyon pileata W3

Pied Kingfisher Cerylidae Ceryle rudis W3
Eurasian Cuckoo Cuculidae Cuculus canorus F2–W3

Lesser Cuckoo Cuculidae Cuculus poliocephalus F2
Lesser Coucal Centropodidae Centropus bengalensis F3–W3

Fork-tailed Swift Apodidae Apus pacificus O1
Indian Jungle

Nightjar
Caprimulgidae Caprimulgus indicus F1

Oriental Turtle Dove Columbidae Streptopelia orientalis O2
Spotted Dove Columbidae Streptopelia chinensis O2

White-breasted
Waterhen

Rallidae
Amaurornis
phoenicurus

W3

Common Moorhen Rallidae Gallinula chloropus W1–O1
Common Coot Rallidae Fulica atra W1
Common Snipe Scolopacidae Gallinago gallinago W3

Common Greenshank Scolopacidae Tringa nebularia W2
Green Sandpiper Scolopacidae Tringa ochropus W2
Wood Sandpiper Scolopacidae Tringa glareola W2

Common Sandpiper Scolopacidae Actitis hypoleucos W2
Rufous-necked Stint Scolopacidae Calidris ruficollis W2

Temminck’s Stint Scolopacidae Calidris temminckii W2
Long-toed Stint Scolopacidae Calidris subminuta W2
Pheasant-tailed

Jacana
Jacanidae

Hydrophasianus
chirurgus

W3

Pacific Golden Plover Charadriidae Pluvialis fulva W2
Little Ringed Plover Charadriidae Charadrius dubius W2

Kentish Plover Charadriidae
Charadrius

alexandrinus
W2

Mew Gul Laridae Larus canus W3
Hen harrier Accipitridae Circus cyaneus W1

Chinese Goshaw Accipitridae Accipiter soloensis F1
Common Buzzard Accipitridae Buteo buteo O1
Common Kestrel Falconidae Falco tinnunculus O1

Little Grebe Podicipedidae Tachybaptus ruficollis W1
Great Crested Grebe Podicipedidae Podiceps cristatus W1

Little Egret Ardeidae Egretta garzetta W2–F2
Gray Heron Ardeidae Ardea cinerea W2–F2
Large Egret Ardeidae Ardea alba W2
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Name Family Species Habitat Type

Intermediate Egret Ardeidae Ardea intermedia W2
Cattle Egret Ardeidae Bubulcus ibis W2

Chinese Pond Heron Ardeidae Ardeola bacchus W2
Striated Heron Ardeidae Butorides striatus W2–W3

Black-crowned Night
Heron

Ardeidae Nycticorax nycticorax W2–F2

Yellow Bittern Ardeidae Ixobrychus sinensis W3
Brown Shrike Laniidae Lanius cristatus F3

Long-tailed Shrike Laniidae Lanius schach F3
Azure-winged

Magpie
Corvidae Cyanopica cyanus F2

Black-billed Magpie Corvidae Pica hudsonia F2
Black Drongo Dicruridae Dicrurus macrocercus F2

Hair-crested Drongo Dicruridae Dicrurus hottentottus F1
White-throated Rock

Thrush
Muscicapidae Monticola gularis F1

Scaly Thrush Muscicapidae Zoothera dauma F1
Gray-backed Thrush Muscicapidae Turdus hortulorum F1

Japanese Thrush Turdidae Turdus cardis F3
Eurasian Blackbird Muscicapidae Turdus merula F2
Eyebrowed Thrush Muscicapidae Turdus obscurus F1

Pale Thrush Muscicapidae Turdus pallidus F1
Dusky Thrush Muscicapidae Turdus eunomus O1
Gray-streaked

Flycatcher
Muscicapidae Muscicapa griseisticta F1

Asian Brown
Flycatcher

Muscicapidae Muscicapa dauurica F1

Narcissus Flycatcher Muscicapidae Ficedula narcissina F1
Mugimaki Flycatcher Muscicapidae Ficedula mugimaki F2

Blue-and-white
Flycatcher

Muscicapidae
Cyanoptila

cyanomelana
F1

Bluethroat Muscicapidae Luscinia svecica F3
Orange-flanked

Bush-Robin
Muscicapidae Tarsiger cyanurus F1

Daurian Redstart Muscicapidae Phoenicurus auroreus F3
White-cheeked

Starling
Sturnidae Sturnus cineraceus O2

Black-collared
Starling

Sturnidae Gracupica nigricollis O2

Crested Myna Sturnidae
Acridotheres
cristatellus

O1

Chinese Penduline Tit Remizidae Remiz consobrinus W3

Yellow-bellied Tit Paridae
Pardaliparus
venustulus

F3

Great Tit Paridae Parus major F2
Black-throated Tit Aegithalidae Aegithalos concinnus F3

Barn Swallow Hirundinidae Hirundo rustica O1
Red-rumped Swallow Hirundinidae Hirundo daurica O1
Light-vented Bulbul Pycnonotidae Pycnonotus sinensis F2

Himalayan Black
Bulbul

Pycnonotidae
Hypsipetes

leucocephalus
F1
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Name Family Species Habitat Type

Zitting Cisticola Cisticolidae Cisticola juncidis O1
Plain Prinia Cisticolidae Prinia inornata W3

Manchurian Bush
Warbler

Sylviidae Horornis canturians F3

Japanese
Bush-Warbler

Sylviidae Horornis diphone F3

Brownish-flanked
Bush-Warbler

Sylviidae Horornis fortipes F3

Oriental Reed
Warbler

Sylviidae Acrocephalus orientalis W3

Yellow-rumped
Warbler

Sylviidae Setophaga coronata F3

Yellow-browed
Warbler

Sylviidae Phylloscopus inornatus F1

Pale-legged Warbler Sylviidae Phylloscopus tenellipes F1–F3
Eastern Crowned

Warbler
Sylviidae Phylloscopus coronatus F1

Masked
Laughingthrush

Sylviidae Garrulax perspicillatus F3

Greater Necklaced
Laughingthrush

Sylviidae Pterorhinus pectoralis F1

Hwamei Sylviidae Garrulax canorus F3
Vinous-throated

Parrotbill
Paradoxornis Sinosuthora webbianus F3

Eurasian Skylark Alaudidae Alauda arvensis O1
Oriental Skylark Alaudidae Alauda gulgula O1

Eurasian Tree
Sparrow

Passeridae Passer montanus F2

Forest Wagtail Motacillidae Dendronanthus indicus F1
White Wagtail Passeridae Motacilla alba O1–W2
Yellow Wagtail Passeridae Motacilla flava O1–W2
Gray Wagtail Passeridae Motacilla cinerea O1–W2

Oriental Tree Pipit Passeridae Anthus hodgsoni F2
White-rumped Munia Passeridae Lonchura striata F3

Brambling Fringillidae Fringilla montifringilla F1
Gray-capped
Greenfinch

Fringillidae Carduelis sinica F2

Yellow-billed
Grosbeak

Fringillidae Eophona migratoria F2

Meadow Bunting Fringillidae Emberiza cioides F2
Tristram’s Bunting Fringillidae Emberiza tristrami F3

Yellow-browed
Bunting

Fringillidae Emberiza chrysophrys F3

Rustic Bunting Fringillidae Emberiza rustica F3
Yellow-throated

Bunting
Fringillidae Emberiza elegans F1

Yellow-breasted
Bunting

Emberizidae Emberiza aureola O1

Black-faced Bunting Fringillidae Emberiza spodocephala F3

Where the habitat types of the birds were classified as F—forest area (F1—forest species that only use forested
areas, F2—forest species that also use open areas, and F3—forest species that use boscage areas), O—open area
(O1—open area species and O2—species that prefer open areas, but also use forested areas), W—water area
(W1—swimming birds that use open water, W2—species that conceal themselves in marshes and aquatic areas
with high grass, and W3—waders).
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Appendix B. Input Parameters, Including Habitat Suitability and Sensitivity to the
Threat to Different Habitat Types for Birds

Table A1. Habitat suitability and sensitivity to threats by land-use types.

Land Use Types

Habitat Suitability Sensitivity to Threat

Forest
Birds

Open-Area
Birds

Water
Birds

Forest
Birds

Open-Area
Birds

Water
Birds

Built-up land 0 0 0 0 0 0
Forestland 1 0 0 0.7 0.6 0.6

Bare ground 0 0 0 0 0 0
Shrubland 0 1 0 0.5 0.6 0.45
Water body 0 0 1 0.6 0.6 0.75

Wetland 0 0 1 0.5 0.5 0.7
Grassland 0 1 0 0.45 0.55 0.45

Appendix C. Input Layers for the Calculation of HQI and Variations to an
Intermediate Index, the Habitat Degradation Index, for the Three Types of the
Habitats in New Jiangwan Town, from 2002 to 2013

Figure A1. Habitat suitability of the habitats (a), the threat’s influence on the habitats (b), and the
sensitivity of the habitats to the threat (c) in New Jiangwan Town from 2002 to 2013. (1) the forest
area, (2) the open area, and (3) the water area.
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Figure A2. Variations in the habitat degradation index for the three types of habitats in New Jiangwan
Town from 2002 to 2013. (a) forest area, (b) open area, and (c) water area.
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Appendix D. Distribution Maps and the Statistical Box-Plots of the dPC

Figure A3. Distribution of the dPC of New Jiangwan Town from 2002 to 2013.

Figure A4. Variation in the dPC of New Jiangwan Town from 2002 to 2013, where F represents the
forest area, O represents the open area, and W represents the water area.
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