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case study in the Yellow River
Delta, China
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Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing, China, 2College
of Resources and Environment, University of Chinese Academy of Sciences, Beijing, China, *The
Yellow River Delta National Nature Reserve Bureau Shandong, Dongying, Shandong, China

Coastal wetlands in China provide important stopover sites for migratory
shorebird species. The loss of natural wetlands caused by land reclamation
over the past few decades poses a major threat to shorebird populations.
Although habitat loss at key stopover sites has been shown to lead to
reductions in shorebird populations, the effects of habitat loss at specific
stopover sites on shorebird populations remain unclear. Here, we used
shorebird diversity indices and landscape metrics to elucidate the long-term
(19952020) effects of habitat change on shorebird community structure in the
Yellow River Delta, which is an important stopover site for shorebirds along the
Yellow Sea coast. The results showed that the habitat area, largest patch index,
mean patch area, and the aggregation index decreased over 25 years. By
contrast, the number of patches and patch density increased over the same
period. The richness, Shannon-Wiener index, Pielou index, and Simpson index
of the shorebird community increased from 1995 to 2020, while abundance of
shorebird declined by 90.147%. Declines in the abundance of species were more
pronounced in larger-bodied ones than in smaller-bodied species (T=1.156,
df=42, p=0.02). On the other hand, there were no significant differences in the
decline in the abundance of threatened species and non-threatened species
(T=-0.483, df=42, p=0.632) and coastal specialist species and generalist/inland
specialist species (T=-1.197, df=42, p=0.239). The decrease in mean patch area
significantly contributed to the reduction in abundance of shorebirds (N=6,
p=0.01), and its effects were more pronounced on larger-bodied ones than on
smaller-bodied species (T=-2.113, df=42, p=0.04). These results suggest that
habitat loss in the Yellow River Delta has contributed to declines in shorebird
populations and that larger-bodied ones are more sensitive to habitat change
than smaller-bodied species. Existing wetlands are in urgent need of
conservation, and further land reclamation in this region should be avoided.
In addition, the development of conservation plans for coastal wetlands
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requires consideration of variation in the responses of different functional
groups to habitat change.
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and management

1 Introduction

China has over 18,000 km of coastline spanning 11
provinces, municipalities, and autonomous regions, and this
coastline supports 40% of the Chinese population; it is also an
economically important region that accounts for 58.6% of
China’s Gross Domestic Product (Yu and Zhang, 2020). Aside
from their importance as natural resources, coastal wetlands are
key components of the landscape and perform important
ecological functions (Zhou et al., 2020). Coastal wetlands in
China provide key habitats for migratory waterbirds and
biodiverse groups of neritic organisms (Bai et al., 2015).

China’s coasts are considered key habitats for biodiversity
conservation. These habitats are continually being lost because
of land reclamation and the invasion of alien species driven by
economic development (Paulson Institute, 2016; Duan et al,
2022a). According to the second national survey of wetland
resources in China in 2014 (SFA, 2014), the surface of coastal
wetlands in China has decreased by 21.91% since the first
national survey of wetland resources in 2003.

Waterbirds are important indicators of wetland ecosystem
health, and their populations are highly sensitive to changes in
coastal wetlands (Duan et al., 2020; Wang et al., 2022). Shorebird
populations in particular are more sensitive to disturbance
compared with other groups of waterbirds (Duan et al., 2022b).
Previous surveys have shown that many shorebird populations are
declining rapidly because of reductions in tidal flats along the
Yellow Sea coast (Studds et al., 2017; Chan et al., 2019). However,
these surveys have generally been conducted in wintering regions.
A recently published study conducted at a broad geographical
scale has shown that the relationship between coastal wetland loss
and shorebird population change is weak according to stopover
site data collected in the Yellow and Bohai Seas; although large
changes in the abundances of shorebirds were observed, bird
communities were generally similar between periods at the same
sites (Wang et al., 2022). This suggests that the area of the stopover
sites on which shorebird populations depend is small; thus,
clarifying the relationship between coastal wetland loss and
changes in shorebird populations requires studies conducted
over small spatial scales.

In addition, quantifying the responses of waterbird
populations to habitat changes caused by coastal wetland loss
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is important for determining which conservation actions need to
be taken to mitigate declines in waterbird biodiversity. A
previous study has shown that the efficiency of the
conservation of waterbird populations and their habitat is
enhanced when variation in the response of waterbird
functional groups to habitat change is considered (Li et al.,
2022). An increasing number of studies have shown that
threatened shorebird species, larger-bodied species, and coastal
specialist species are less likely to stopover or feed in artificial
wetlands (Jackson et al., 2020). Whether the effects of changes in
coastal habitats vary among functional groups remains unclear,
yet this information is critically important for the development
of habitat management plans.

The Yellow River Delta (YRD) is the largest estuarine
wetland along the coasts of the Yellow and Bohai Seas.
Shorebird populations of more than 20 species in the YRD
meet the Ramsar 1% criterion (exceeding 1% of the total
population in the flyway) (Xia et al, 2016). There is an
inevitable conflict between land development and habitat
conservation (Hou et al, 2021). We used shorebird survey
data and land-use data to characterize the effects of long-term
habitat change (1995-2020) on shorebird populations in the
YRD. We hypothesized that habitat changes pose a more serious
threat to threatened species, larger-bodied species, and coastal
specialist species than to non-threatened species, smaller-bodied
species, and generalist/inland specialist species. The findings of
this study provide new insights that could aid the conservation
and management of key shorebird habitats.

2 Materials and methods

2.1 Study area

This study was conducted in the YRD along the Dongying
coast (37°35'N-38°12'N, 118°33’E-119°20’E), which is an
important stopover site for migratory shorebirds along the
East Asian-Australasian Flyway (EAAF) migratory route
(Figure 1). The total area of YRD is 4785.5 km?, and
represents only 4.5% of Yellow and Bohai Seas. It is a Ramsar
site and includes the YRD National Nature Reserve, which was
established in 1992. This region includes multiple habitat
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FIGURE 1

Study area of Yellow River Delta and its land use types in 1995 and 2020.

environment, i.e. tidal flats, estuarine delta, saltpan and
mariculture. It hosts globally threatened species, such as the
Eastern Curlew (Numenius madagascariensis) and Great Knot
(Calidris tenuirostris), and the number of total shorebirds
migrating northward through this region annually is greater
than 130,000 (Li et al., 2018). Most coastal wetlands have been
converted to artificial wetlands for mariculture, saltpans, and
construction land because of land reclamation (Ma et al., 2019).
This has had a significant effect on the surface and quality of
shorebird habitat and thus the stability of shorebird populations
(Hou et al., 2021).

2.2 Land cover data

Land cover maps of the YRD for 1995, 2000, 2005, 2010, 2015,
and 2020 were interpreted using the object-oriented classification
method on the basis of Landsat TM/ETM and Landsat 8 OLI data
at a scale of 1:100000, and the spatial resolution of these data was
30 m x 30 m. Images with total cloud cover less than 5% were
selected from the Geospatial Data Cloud (www.gscloud.cn/
sources/) and the USGS Global Visualization Viewer (GloVis)
(http://glovis.usgs.gov). The classification system for the land
cover map was the same as that used in Di et al. (2014). Given
that alien plant Spartina alterniflora is a major threat to shorebird
species (Jackson et al., 2021), the distribution of S. alterniflora in
2010, 2015, and 2020 for the YRD (S. alterniflora has been
spreading since 2010 [Yu et al., 2022]) at a spatial resolution of
30 m x 30 m was interpreted using object-based image analysis,
support vector machine methods, and field investigations on the
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basis of Landsat OLL S. alterniflora distribution data were
obtained from the Northeast Institute of Geography and
Agroecology, Chinese Academy Sciences (Mao et al,, 2019). We
used the “Mosaic To New Raster” tool in ArcGIS 10.5 to merge the
S. alterniflora distribution layer with the land cover maps for 2010,
2015, and 2020. The land cover data in YRD for 1995 and 2020
see (Figure 1).

2.3 ldentification of shorebird habitat

2.3.1 InVEST habitat quality model

The Natural Capital Project has developed a decision-
making support software known as the InVEST model
(Integrated Valuation of Environmental Services and
Tradeofts; version 3.7.0), and this was used to assess the value
of ecosystem services and biodiversity (Hong et al., 2021). The
habitat module of the InNVEST model was used to assess habitat
quality through consideration of habitat type and threat factors
(Sharp et al., 2016). The specific equation is below:

Dz,
@ (1 <ch,- * k))

where Q,; is the habitat quality in grid cell x with land type j,
H; represents the habitat suitability in land type j, D,; represents

(1)

the effects of threat factors on grid cell x with land type j, and z and
k are the scaling constant and half-saturation constant, which
were 2.5 and 0.5 respectively considered as frequently used value
in habitat module of InVEST model (Sharp et al., 2016).
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2.3.2 Input data

The InVEST habitat model was affected by habitat type, habitat
suitability, threat sources, the sensitivity of habitat to threat factors,
threat characteristics, and habitat accessibility. (1) Habitat type for
YRD in 1995, 2000, 2005, 2010, 2015, and 2020 was determined at
the level of the grid cell at a resolution of 30 m x 30 m, and
information on habitat type was extracted from land cover data
between 1995 and 2020. Habitat types included farmland,
reservoirs/ponds, bottomlands, tidal flats, estuarine waters,
estuarine deltas, saltpans, mariculture, and unused land. (2)
Habitat suitability was between 0 (lowest suitability) and 1
(highest suitability) and was determined following the method of
Li et al. (2018). The habitat suitability of farmland, saltpan, and
mariculture was adjusted on the basis of the field investigation.
Habitat suitability can be found in Supplementary Table 1, and
input Files was in.csv format.

(3) Potential threats to habitat include construction land, roads,
invasion of alien species, and the human population. Thus, cities,
rural settlements, industrial mining, mariculture, roads, unused
land, and the presence of Spartina alterniflora are all considered
threat sources. These were extracted from land cover data between
1995 and 2020 at a spatial resolution of 30 m x 30 m. (4) The
sensitivity of habitat to threat factors indicates the relative sensitivity
of habitat to each threat source. (5) Threat characteristics include
the relative intensity, maximum disturbance distance, and type of
distance-based decay. Specific parameter values for the sensitivity of
habitat to threat factors and threat characteristics were collected
from Li et al. (2018) and are provided in Supplementary Table 1;
both input files were in.csv format.

(6) Habitat accessibility indicates the relative accessibility of
the boundary of protected areas to each threat source. YRD
National Nature Reserve was established in 1992 with the aim of
reducing the intensity of human activity and conserving
biodiversity. YRD National Nature Reserve was divided into
three parts on the basis of permissible levels of human activity:
the core area, experimental area, and buffer zone. Habitat
accessibility data were obtained from the shapefile boundaries
of the core area, experimental area, and buffer zone in ArcGIS
10.5. We set the attribute values for the shapefiles of the core
area, experimental area, and buffer zone to 0.1, 0.5, and 1.0,
respectively, with higher values indicating greater habitat
accessibility. The shapefile boundaries of the core area,
experimental area, and buffer zone were acquired from the
Institute of Geographic Sciences and Natural Resources
Research, Chinese Academy of Sciences (http://english.igsnrr.

cas.cn/).

2.3.3 Habitat quality assessment

We ran the habitat module of the InVEST model (v3.7.0)
using the above input data to estimate the distribution of
shorebird habitat in 1995, 2000, 2005, 2010, 2015, and 2020.
Habitat quality ranged from 0 to 1, with values closer to 1
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indicating high habitat quality. We reclassified the habitat
quality values into a binary format in which areas with habitat
quality above and below 0.7 were considered suitable and
unsuitable shorebird habitat, respectively (Sharp et al., 2016).

2.4 Measurements of landscape metrics

Landscapes can be defined by the spatial relationships
among all components including landscape composition and
landscape configuration. Landscape composition is mainly
related to the presence and area of patches, and landscape
configuration refers to the spatial distribution and spatial
character of patches within the landscape. They are usually
calculated using a spatial pattern analysis program in
FRAGSTATS (Kevin and Marks, 1995).

The vector and raster versions of the FRAGSTATS program
are used to process shapefiles and raster files, respectively. This
study used the raster version to calculate landscape metrics.
Raster images of shorebird habitat in.tif format in 1995, 2000,
2005, 2010, 2015, and 2020 were exported using ArcGIS 10.5 and
used as the input data in the FRAGSTATS program.

Landscape composition metrics and landscape configuration
metrics of shorebird habitat in 1995, 2000, 2005, 2010, 2015, and
2020 for the YRD were calculated using FRAGSTATS (v4.2.1).
Landscape composition metrics included total area (TA), largest
patch index (LPI), and mean patch area (AREA_MN).
Landscape configuration metrics included number of patches
(NP), patch density (PD), and the aggregation index (AI).
Definitions and methods used to calculate these metrics are
provided in Yohannes et al. (2020). TA is the total area of the
landscape in hectares. LPI is the proportion of the largest patch
to the total area of the landscape. NP represents the number of
patches in the landscape. AREA_MN is the average area of
patches in the landscape in hectares.

PD represents the sparseness of the patch distribution in the
landscape, and it can be calculated by equation (2):

NP

PD=—
TA

)

AT represents the connectivity between patches in the
landscape, and larger AI values indicate greater aggregation. It
was calculated using equation (3):

Al = (g7> % 100
Max — g

where gii is the number of similar adjacent patches in

3)

the landscape.

We inputted the raster files (.tif format) of shorebird habitat
between 1995 and 2020 into FRAGSTATS software (v4.2.1) and
calculated the landscape metrics TA, LPI, AREA_MN, NP, PD,
and AI at the landscape level. All results were output as.csv files.
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2.4.1 Variation in landscape metrics

For each landscape metric, we calculated the percentage rate
of change to quantify variation between 1995 and 2020. It was
calculated using equation (4):

LMZOZO B LM1995

LMchange = M
1995

x 100 (4)

where LM hange is the percentage rate of change in each
landscape metric from 1995 to 2020; LMjpy0 and LM;jggs
represent the landscape metric values in 2020 and

1995, respectively.

2.5 Shorebird data collection
and processing

2.5.1 Shorebird data

Shorebird surveys in 2005, 2010, 2015, and 2020 for the YRD
were conducted once a month by experienced observers from the
YRD National Nature Reserve Management Bureau and
Dongying City Bird Watching Association. In addition,
shorebird population data for the peak of northward migration
in March to May 1995 and 2000 were collected from Barter
(2002). Generally, field surveys in the two different survey
periods were conducted in the same regions during the
daytime on sunny days. The number of shorebird species
observed in the YRD is highest during the northward
migration period according to previous studies (Bai et al,
2015) therefore, only survey data collected between March and
May were compared. For each shorebird species, the highest
number of observed individuals between March and May was
used as the abundance for that species in each year. Eventually,
we acquired the abundance of each shorebird species in 1995,
2000, 2005, 2010, 2015, and 2020.

2.6 Calculation of the diversity index

2.6.1 Diversity index measurement

We calculated several shorebird diversity indices, i.e.
richness, abundance, Shannon Wiener index (SHDI), Pielou
index (E), and Simpson’s Index (D) in 1995, 2000, 2005, 2010,
2015, and 2020. The formulas for SHDI, E, and D are shown
below:

SHDI = =>'(p;)Ln(p;) (5)
E = SHDI/Ln(S) (6)
D=1-3p; )
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where p; is the proportion of the abundance of ith shorebird
species of the total abundance in the YRD, and S is the richness.

2.6.2 Change in diversity indices
We calculated differences from 1995 to 2020 in richness,
abundance, SHDI, E, and D as follows:

DIZOZO B D11995
D11995

Dl pange = x 100 (8)
where Dlcpange represents the difference in each diversity
index between 1995 and 2000. DI,,, and DI, 95 are the diversity

indices in 2020 and 1995, respectively.

2.7 Relationships between landscape
metrics and diversity indices

2.7.1 Test at the community level

To determine how changes in habitat affected shorebird
diversity, we conducted partial Mantel tests. A partial Mantel
test measures the correlation between two matrices containing
measures of distance (Cox and Hinkley, 1974). It has been widely
used to characterize the effects of environmental change on
communities. Partial Mantel tests are more effective than other
types of correlation analyses when sample sizes are low.

In this study, distance matrices were made using six
predictor variables, TA, LPI, AREA_MN, NP, PD, and Al in
1995, 2000, 2005, 2010, and 2020; distance matrices were also
made using five response variables, i.e. richness, abundance,
SHDI, E, and D, in 1995, 2000, 2005, 2010, and 2020. Partial
Mantel tests were run using the linKET package in R version
4.0.4 (Huang, 2021). Detailed code is available at Figshare
(http://doi.org/10.6084/m9.figshare.21406911).

2.7.2 Test at the functional group level

The abundance of threatened species, larger-bodied species,
and coastal specialist species is lower than the abundance of non-
threatened species, smaller-bodied species, and generalist/inland
specialist species in artificial wetlands according to a previous
study (Jackson et al, 2020). We thus hypothesized that
threatened species, larger-bodied species, and coastal specialist
species are more vulnerable to the effects of habitat change.

We divided all shorebird species into three sets of two
functional groups: threatened species and non-threatened species,
larger-bodied species and smaller-bodied species, and coastal
specialist species and generalist/inland specialist species. We
defined threatened species as globally threatened species,
including critically endangered species, endangered species,
vulnerable species, and near-threatened species, and non-
threatened species as least concern species. The threatened status
of shorebird species was determined using the TUCN Red List
(https://www.iucnredlist.org/; IUCN, 2022). Jackson et al. (2020)
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reported that shorebird species with body mass less than 250 g were
more likely to feed in artificial wetlands; we divided shorebird
species into two groups, larger-bodied species (i.e., species with
body mass greater than 250 g) and smaller-bodied species (ie.,
species with body mass less than 250 g). Coastal specialist species
and generalist/inland specialist species were classified according to
Jackson et al. (2020). Detailed species lists for these six functional
groups can be found in Supplementary Table 2.

We calculated changes in the abundance of each species
between 1995 and 2020, and using independent two-sample tests
in SPSS 22.0 to compare differences in the magnitude of change
between functional groups. We also conducted Pearson
correlation analysis in SPSS 22.0 to determine the correlation
coefficients between AREA_MN and the abundance between
1995 and 2020 for each species at the functional group level. We
used independent two-sample tests in SPSS 22.0 to compare
differences in correlation coefficients between functional groups.
The magnitude of the change and correlation coefficients in the
abundance of threatened species, larger-bodied species, and
coastal specialist species was greater than that in the
abundance of non-threatened species, smaller-bodied species,
and generalist/inland specialist species, respectively. We thus
suspect that habitat change has pronounced effects on

[ | Habitat

Non-habitat
0 10 20 40
[ ____aw |

1995 2000

10.3389/fmars.2022.1049765

threatened species, larger-bodied species, and coastal
specialist species.

3 Results
3.1 Landscape metrics

Shorebird habitats in the Yellow River Delta (YRD) between
1995 and 2020 were mainly distributed along the coastal region
according to the InVEST model (Figure 2). Habitat TA and LPI
increased initially from 1995 to 2000 and then declined gradually
between 2000 and 2020 (Table 1). Habitat total area (TA), largest
patch index (LPI) declined by 34.99% and 58.87%, respectively,
from 1995 to 2020 (Table 1). Mean patch area (AREA_MN) and
aggregation index (AI) declined from 1995 to 2005, increased
between 2005 and 2010, and then declined gradually from 2010
to 2020. Generally, AREA_MN decreased by 88.10%, and Al
decreased by 2.65% between 1995 and 2020 (Table 1).

Number of patches (NP) and patch density (PD) increased by
441.73% and 725.00%, respectively, between 1995 and 2020. NP and
PD increased initially from 1995 to 2005, declined from 2005 to
2010, and then increased gradually between 2010 and 2020 (Table 1).

2005

2010 2015

FIGURE 2

2020

The distribution of shorebird habitat in the Yellow River Delta between 1995 and 2020 according to the InVEST model.
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TABLE 1 Variation in the landscape metrics of shorebird habitat in the Yellow River Delta between 1995 and 2020.

Landscape metrics of habitat

1995 2000
Total area (TA) (hax10?) 106.49 114.16
Largest patch index (LPI) 53.08 67.79
Mean patch area (AREA_MN) 0.84 0.68
Number of patches (NP) 127 169
Patch density (PD) 0.12 0.15
Aggregation index (AI) 99.10 98.77

3.2 Shorebird community structure

3.2.1 Observed shorebirds

A total of 45 shorebird species from 4 orders and 6 families
were observed between 1995 and 2020, including 13 globally
threatened species and 32 non-threatened species. A total of
eight nationally protected species (NPS) were observed,
including 1 NPS-Class I species, Nordmann’s Greenshank
(Tringa guttifer), and 7 NPS-Class II species, Eurasian Curlew
(Numenius arquata), Asian Dowitcher (Limnodromus
semipalmatus), Eastern Curlew, Great Knot, Ruddy Turnstone
(Arenaria interpres), Broad-billed Sandpiper (Limicola
falcinellus), and Little Curlew (Numenius minutus). A total of
17 shorebird species between 1995 and 2020 (37.8%) met the
Ramsar 1% criterion (exceeding 1% of the total population in the
flyway) (Table 2).

3.3 Variation in diversity indices

From 1995 to 2020, the richness, Shannon-Wiener index
(SHDI), Pielou index (E), and Simpson index (D) increased by
2.63%, 17.60%, 16.77%, and 2.96%, respectively, and no
significant changes were observed in any of these variables. By
contrast, the abundance of shorebird species declined sharply
from 1995 to 2020, and the overall decline in the abundance over
this period was 90.14% (Table 3). The abundance of 19 shorebird
species declined, including the Grey Plover (Pluvialis squatarola,
98.66% reduction), Dunlin (Calidris alpina, 98.59% reduction),
Eastern Curlew (98.05% reduction), Lesser Sand Plover
(Charadrius mongolus, 98.01% reduction), Kentish Plover
(Charadrius alexandrinus, 97.74% reduction), Bar-tailed
Godwit (Limosa lapponica, 96.72% reduction), Whimbrel
(Numenius phaeopus, 96.26% reduction), Little Curlew
(95.99% reduction), Common Greenshank (Tringa nebularia,
95.73% reduction), Great Knot (94.48% reduction), Spotted
Redshank (Tringa erythropus, 88.89% reduction), Marsh
Sandpiper (Tringa stagnatilis, 88.19% reduction), Eurasian
Opystercatcher (Haematopus ostralegus, 81.58% reduction),
Red-necked Stint (Calidris ruficollis, 81.54% reduction), Black-
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Year 1995-2020
2010 2015 2020 Change ratio (%)
112.21 53.70 69.23 -34.99
50.73 3258 21.83 -58.87
039 0.15 0.10 -88.10
290 368 688 44173
0.26 0.69 0.99 725.00
98.59 97.63 96.47 -2.65

tailed Godwit (Limosa limosa, 69.43% reduction), Eurasian
Curlew (67.67% reduction), Common Sandpiper (Actitis
hypoleucos, 66.67% reduction), Wood Sandpiper (Tringa
glareola, 52.63% reduction), and Ruff (Philomachus pugnax,
52.63% reduction) (Figure 3).

3.4 Responses of shorebird community
structure to habitat change

At the community level, there was a significant positive
relationship between the AREA_MN of shorebird habitat and
the abundance of shorebird species (N=6, p=0.01) (Figure 4).
This result indicated that decreases in the AREA_MN of
shorebird habitat from 1995 to 2020 contributed to reductions
in the abundance of species. In addition, the AREA_MN of
shorebird habitat was not significantly related to other diversity
indices including richness, SHDI, E, and D. There were no
significant relationships of the landscape metrics TA, LPI, NP,
PD, and AI with richness, abundance, SHDI, E, and D.

At the functional group level, the decline in the abundance of
larger-bodied species was greater than that of smaller-bodied
species (T=1.156, df=42, p=0.02) (Figure 5). There were no
significant differences in the decline in the abundance of
threatened species and non-threatened species (T=-0.483,
df=42, p=0.632) and coastal specialist species and generalist/
inland specialist species (T=-1.197, df=42, p=0.239). The
correlation coefficient between AREA_MN and the abundance
of larger-bodied species was significantly greater than that
between AREA_MN and the abundance of smaller-bodied
species (T=-2.113, df=42, p=0.04) (Figure 6). This indicates
that decreases in AREA_MN had a stronger effect on the
abundance of larger-bodied species than on the abundance of

smaller-bodied species. The correlation coefficient between
AREA_MN and the abundance in threatened species and
coastal specialist groups was not significantly higher than that
between AREA_MN and non-threatened species (T=1.502,
df=42, p=0.141) and between AREA_MN and generalist/
inland specialist species (T=1.713, df=42, p=0.09). These
findings indicate that the effects of declines in the AREA_MN
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TABLE 2 Maximum abundance of shorebirds and their IUCN Red List and conservation status throughout the 25-year survey period.

Taxonomic order

Haematopodidae

Recurvirostridae

Charadriidae

Rostratulidae

Scolopacidae

Glareolidae

Scientific name

Haematopus ostralegus
Himantopus himantopus
Recurvirostra avosetta
Charadrius veredus
Vanellus vanellus
Charadrius alexandrinus
Pluvialis squatarola
Vanellus cinereus
Charadrius hiaticula
Pluvialis fulva
Charadrius dubius
Charadrius mongolus
Charadrius leschenaultii
Charadrius placidus
Rostratula benghalensis
Numenius arquata
Tringa ochropus
Limosa lapponica
Limnodromus semipalmatus
Numenius madagascariensis
Calidris tenuirostris
Arenaria interpres
Tringa erythropus
Calidris alpina

Limosa limosa

Calidris canutus

Tringa totanus

Calidris ruficollis

Actitis hypoleucos
Calidris acuminata
Limicola falcinellus
Tringa glareola
Philomachus pugnax
Xenus cinereus

Calidris temminckii
Tringa nebularia
Calidris alba

Gallinago gallinago
Calidris ferruginea
Numenius minutus
Tringa guttifer

Tringa stagnatilis
Calidris subminuta
Numenius phaeopus

Glareola maldivarum

English name

Eurasian Oystercatcher
Black-winged Stilt
Pied Avocet
Oriental Dotterel
Northern Lapwing
Kentish Plover
Grey Plover
Grey-headed Lapwing
Common Ringed Plover
Pacific Golden Plover
Little Ringed Plover
Lesser Sand Plover
Greater Sand Plover
Long-billed Plover
Greater Painted-snipe
Eurasian Curlew
Green Sandpiper
Bar-tailed Godwit
Asian Dowitcher
Eastern Curlew
Great Knot
Ruddy Turnstone
Spotted Redshank
Dunlin
Black-tailed Godwit
Red Knot
Common Redshank
Red-necked Stint
Common Sandpiper
Sharp-tailed Sandpiper
Broad-billed Sandpiper
Wood Sandpiper
Ruff
Terek Sandpiper
Temminck's Stint
Common Greenshank
Sanderling
Common Snipe
Curlew Sandpiper
Little curlew
Nordmann's Greenshank
Marsh Sandpiper
Long-toed Stint
‘Whimbrel

Oriental Pratincole

10.3389/fmars.2022.1049765

Abundance 1 %criterion IUCN Red List Conservation status

76
1450
2750

550
24313
14899

62
115
201

80

9766

10678

1125
11957

594
24106
7197
450
640
2036

650

321

220
20
1368

4300
68
1135
13
1444
1200

NT
LC
LC
LC
NT
LC
LC
LC
LC
LC
LC
LC
LC
LC
LC
NT
LC
NT
NT
EN
EN
LC
LC
LC
NT
NT
LC
NT
LC
VU
LC
LC
LC
LC
LC
LC
LC
LC
NT
LC
EN
LC
LC
LC
LC

I
I
I
I

«»

Critically endangered; CR, endangered; EN, vulnerable; VU, near threatened; NT, Least concern; LC. Species in National Protected Species class I or IT were assigned as protected; “-” was

not protected. Species meet the Ramsar 1% criterion (exceeding 1% of the total population in the flyway) was marked by ‘YES’, if not was represented by ‘No’.
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TABLE 3 Changes in richness, abundance, Shannon-Wiener index, Pielou index, and Simpson index between 1995 and 2020 in the Yellow River

Delta.
Indices

1995 2000 2005
Richness 38 21 21
Abundance 104564 59503 18083
Shonnon-Wiener index 3.15 2.39 3.18
Pielou index 0.87 0.79 1.04
Simpson index 0.86 0.75 0.86

of habitat on the abundance of threatened species and coastal
specialist species are similar to the effects of the declines in the
AREA_MN of habitat on non-threatened species and generalist/
inland specialist species.

4 Discussion

Waterbird diversity is sensitive to environmental change,
especially habitat change caused by land reclamation (Lei et al.,
2017). In this study, we examined the response of shorebird
community structure to habitat changes in the Yellow River
Delta, an important stopover site for migratory shorebirds. The
total area of habitat, largest patch index, mean patch area, and
aggregation index decreased from 1995 to 2020, and the number
of patches and patch density increased over this period. The
abundance of shorebird species declined over this period, and
the richness, Shannon-Wiener index, Pielou index, and Simpson
index increased. The decline in the mean patch area of shorebird

Year 1995-2020
2010 2015 2019 Change ratio (%)
35 39 39 2.63
11295 16750 10313 -90.14
4.16 3.44 3.70 17.60
1.17 0.94 1.01 16.77
0.93 0.82 0.88 2.96

habitat significantly contributed to the reduction in the
abundance of shorebirds, and the decline in the mean patch
area had a stronger effect on the abundance of larger-bodied
species than on the abundance of smaller-bodied species.

4.1 Changes in the landscape metrics of
shorebird habitat

Natural wetlands have degraded and disappeared because of
land reclamation and the invasion of Spartina alterniflora over
the past few decades in the Yellow River Delta (Jackson et al.,
2021). These changes have had major effects on the composition
and configuration of shorebird habitat. The results of this study
indicate that the largest patch index and mean patch area have
decreased by more than 50% from 1995 to 2020, and the number
of patches and patch density increased by more than 400% and
700%, respectively. This suggests that the continuous decline of
coastal wetland habitat has resulted in habitat fragmentation
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Changes in the abundance of shorebird species in the Yellow River Delta from 1995 to 2020.
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FIGURE 4

Al

Relationships between the landscape metrics of shorebird habitat and shorebird diversity indices in the Yellow River Delta. Pairwise comparisons
between shorebird diversity indices and landscape metrics of habitat are indicated by a color gradient denoting Pearson’s correlation
coefficients. The non-orange lines indicate non-significant relationships, and the orange line indicates a significant relationship (p< 0.05). The
thickness of the line is positively correlated with the strength of the relationship. TA, total area; LPI, largest patch index; AREA_MN, mean patch

area; NP, number of patches; PD, patch density; Al, aggregation index.

because most large patches have been converted to various small
patches (Li et al,, 2021). Previous studies have indicated that
shorebird species prefer large habitat patches (Murray and
Fuller, 2015; Zhang et al., 2017); thus, increases in the number
of small habitat patches and decreases in habitat TA might pose
major threats to the stability of migratory shorebird populations.

4.2 Changes in diversity indices

A total of 45 shorebird species, including 13 globally
threatened species, were observed in the Yellow River Delta
between 1995 and 2020 during the spring. The abundance of
more than 30% of species met the Ramsar 1% criterion
(exceeding 1% of the total population in the flyway). This
indicates that the Yellow River Delta is a critically important
site for the conservation of migratory shorebirds. Its importance
has also been demonstrated in a previous study showing that the
abundance of 17 shorebird species meets the Ramsar 1%
criterion in the Yellow River Delta according to surveys
conducted between 2005 and 2013 (Xia et al., 2016).

The total abundance of 45 shorebird species declined from
1995 to 2020, and the overall decline was greater than 90%.
Decreases in the abundance of 19 shorebird species were greater
than 50%, and these included globally threatened species, such as
the Eurasian Oystercatcher, Eurasian Curlew, Bar-tailed Godwit,
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Eastern Curlew, Great Knot, Black-tailed Godwit, and Red-
necked Stint. These findings are consistent with the results of
Li et al. (2018) showing that the total abundance of shorebird
species has declined by 60.27% and that the abundance of 11
shorebird species has decreased significantly over the last few
decades in the Yellow River Delta. These patterns indicate that
migratory shorebird species are in need of urgent conservation
attention. In addition, the richness, Shannon-Wiener index,
Pielou index, and Simpson index of the shorebird community
slightly increased between 1995 and 2020. A previous study has
shown that artificial wetlands can attract various shorebirds to
feed or stopover (Jackson et al., 2019); the conversion of natural
wetlands to saltpans and mariculture areas can provide diverse
habitats that increase shorebird diversity in the Yellow
River Delta.

4.3 Relationship between the shorebird
community and habitat changes

At the community level, the sharp reduction in the mean
patch area of shorebird habitat contributed to the continuous
decline in the total abundance of shorebird species between 1995
and 2020 in the Yellow River Delta. Previous studies have shown
that the loss of coastal wetlands in the Yellow Sea region has
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respectively, and whiskers represent 1% and 99%. Black squares represent abnormal value. *means significant at the 0.05 level.

caused declines in the populations of seven shorebird species at
an annual rate of 8% (Studds et al., 2017). The Yellow River
Delta is an important component of the Yellow Sea region, and
this result indicates that habitat loss might pose a serious threat
to migratory shorebird species.

At the functional group level, declines in the abundance of
larger-bodied species over the past few decades have been more
pronounced than those in smaller-bodied species. Larger-bodied
shorebird species were more sensitive to declines in mean patch
area than smaller-bodied species. A previous study has shown
that larger-bodied species are less likely to feed in artificial
wetlands (Jackson et al., 2020). This indicates that populations
of these species are less capable of adapting to habitat change.
Furthermore, there were no significant differences in the effects
of declines in the mean patch area on the abundance of
threatened species and non-threatened species and the
abundance of coastal specialist species and generalist/inland
specialist species. This might stem from the small sample sizes
because survey data were collected over six periods between 1995
and 2020 in the Yellow River Delta. In addition, the comparison
is between 1995 and 2020 only.
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4.4 Conservation implications

This study indicate that the habitat loss posed a serious threat
to shorebird species, especially larger-bodied species. A previous
study has indicated that habitat loss at one stopover site is unlikely
to be offset by the conservation of other habitats (Wang et al,
2022); thus, the conservation of existing natural wetlands in the
Yellow River Delta is important for maintaining the stability of
shorebird populations. The establishment of Yellow River Delta
National Nature Reserve have been so far important for reducing
human activity and conserving biodiversity. We recommend that
the boundary of the reserve be enlarged to include the
surrounding habitat that was included in the InVEST model. In
addition, the results of this study highlight the urgency with which
the conservation of larger-bodied species needs to be prioritized.
We recommend that some larger-bodied, globally threatened
shorebirds, such as the Eurasian Opystercatcher, Bar-tailed
Godwit, and Black-tailed Godwit, be listed as nationally
protected species to promote their conservation.

Long-term systematic survey data along with remote sensing
data can provide insights into population trends and the factors
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driving them; these data can also aid conservation and
management. There is thus a need to clarify the responses of
shorebird populations to changes in habitat at the scale of
migratory networks, including breeding areas, stopover sites,
and non-breeding areas. Shorebird surveys have been conducted
in China, South Korea (Moores et al., 2016), Japan (Amano et al.,
2010), New Zealand (Riegen and Sagar, 2020), and Australia
(Clemens et al., 2016), but not in North Korea and Southeast
Asia. The implementation of integrated and standardized
monitoring systems is needed to acquire long-term shorebird
survey data along the EAAF. Understanding the responses of
shorebird populations to environmental changes along their
migratory routes should be a central goal of future research.
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