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There has been an increasing number of coastal restoration projects to eradicate Smooth cordgrass (Spartina alterniflora) and
restore bare tidal flats to conserve waterbirds. However, the evidence for the assumed benefits to waterbirds and benthic
organisms after such restoration efforts remains limited. We evaluated the impact of S. alterniflora eradication on waterbirds
and benthic organisms in southern China. We deployed time-lapse cameras and satellite trackers to quantify and compare the
occurrence frequency and habitat use of birds in different habitats. We compared the density and biomass of benthic organisms
collected in bare tidal flats and areas where S. alferniflora had been eradicated. We found that almost all waterbirds, except
gulls, avoided areas where S. alferniflora was present. Once S. alterniflora was eradicated, the species richness and species-level
diversity of shorebirds and waterbirds did not differ significantly from those of the bare tidal flats. At least 9 out of 14 tracked
individual shorebirds used areas where S. alterniflora had been eradicated, with Common Redshank (Tringa totanus) demon-
strating a clear preference for such habitat. The density and biomass of benthos in deeper sediments (5-20 cm below the sur-
face) were significantly lower in areas where S. alterniflora had been eradicated than in bare tidal flats, indicating that the food
resources for birds may take longer than 1 year to recover. This research demonstrates that the eradication of S. alterniflora is
important for the restoration of waterbird habitats, and such efforts should be made in areas that are important to waterbirds.
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However, 28—38% of coastal wetland areas in China were lost

Implications for Practice
from the 1970s to 2018 (Song et al. 2020; Wang et al. 2021).
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The benefits of Spartina alterniflora eradication

The reclamation of tidal flats and the invasion of Smooth
cordgrass (Spartina alterniflora) have substantially reduced
the habitat available for waterbirds (Gan et al. 2009; Jackson
et al. 2021), contributing to a rapid decline in coastal water-
bird populations. For example, the population of endangered
Great Knot (Calidris tenuirostris) declined at an average rate
of 5.1% per year, and the endangered Far Eastern Curlew
(Numenius madagascariensis) declined with an average rate
of 5.8% per year from 1993 to 2012 (Studds et al. 2017;
World Conservation Union 2021).

To prevent coastal erosion, protect seawalls and achieve a
higher rate of terrestrial land expansion, S. alterniflora was
introduced to China in 1979 (Chung 1993). It has spread rapidly
throughout coastal China and is now distributed along all the
coastal provinces and municipalities in the mainland
(Zuo et al. 2012; Mao et al. 2019; Meng et al. 2020), including
many important waterbird sites (Jackson et al. 2021). Other
countries and regions also face this problem, including
New Zealand, Korea, and the west coast of North America
(Strong & Ayres 2013; Kim et al. 2015). S. alterniflora is a peren-
nial thizomatous grass and its invasion has triggered considerable
changes to intertidal wetland ecosystems. S. alterniflora
competes with mangroves (Shen et al. 2022), and the dense
S. alterniflora patches are not favorable habitat for shorebirds,
as dense vegetation makes it difficult for shorebirds to forage
and avoid predators (Gan et al. 2009). For this reason, many
managers have taken actions to control the spread of and remove
S. alterniflora to restore waterbird habitats (Zhou et al. 2015;
Zhao et al. 2020). However, the assumed benefits of
S. alterniflora eradication to waterbirds have not been quantified
in China. With the increasing number of S. alterniflora eradica-
tion projects initiated to protect migratory waterbirds and restore
tidal flat ecosystems in China (Li & Zhang 2008; Tang
etal. 2021), evaluating the assumed benefits on migratory water-
birds and tidal flat wetland ecosystems has become particularly
urgent. The varied outcomes from different eradication methods
will also provide managers with insights into the best approach
to suit their needs.

Benthic organisms are an important source of food for many
waterbirds and form an important part of a tidal flat ecosystem.
Studies have shown that invasion by S. alterniflora replaces
the native saltmarsh community and covers open intertidal
flats, thereby changing the composition of benthic organisms
(Chen et al. 2007). The change in vegetation structure, soil
characteristics, hydrology, or biotic interactions could also
impact the composition of benthic organisms (Gao et al. 2018).
The extensive root system of S. alterniflora makes it difficult
for benthic organisms to form burrows (Zhao et al. 2014; Lu
et al. 2022), thereby impacting the food source for waterbirds
(Mao et al. 2019). Experiments in northeast England and
Washington restored the bare surfaces of silt and sand in areas
cleared of Common Cordgrass (Spartina anglica) by using
herbicide, turning the areas into a habitat suitable for benthic
organisms and attracting waterbirds to re-use these wetlands
(Evans 1986; Patten & O’Casey 2007). Therefore, comparing
the density and biomass of benthic organisms between

S. alterniflora eradicated areas and bare tidal flat areas (where
S. alterniflora was absent) can improve our understanding of
the effects of S. alterniflora eradication on benthic communi-
ties, and it may explain the distribution of waterbirds across
these habitats (Robichaud et al. 2022).

In this study, we assess the effect of the eradication of
S. alterniflora on benthic organisms and waterbirds by com-
paring areas where S. alterniflora had been eradicated,
untreated areas where it was still present, and natural bare
tidal flat areas at the Guangdong Zhanjiang Mangrove
National Nature Reserve (ZMNNR) in South China. We pre-
dict that areas with S. alterniflora present will have lower
waterbird occurrence than areas where S. alterniflora has
been eradicated. In addition, the frequency of waterbird
occurrence, benthic density, and benthic biomass will not dif-
fer significantly between natural bare tidal flats and areas
where S. alterniflora has been eradicated.

Methods

Study Area

Guangdong ZMNNR is located in Guangdong province in south
China (20.2350°-21.5708°N, 109.6725°-110.5053°E). It is a
subtropical area with a mild climate; the average annual temper-
ature is 22.3°C and the average annual rainfall is 1,400 mm
(Gao et al. 2009; Lu et al. 2015). The total area of the reserve
is 20,300 ha, dominated by mangroves and bare tidal flats. There
are more than 9,000 ha of mangrove forests, of which the main
species are Black Mangrove (Bruguiera gymnorrhiza), Red
Mangrove (Rhizophora mucronata), Narrow-leaved Kandelia
(Kandelia candel), River Mangrove (Aegiceras corniculatum),
and White Mangrove (Avicennia marina). It is an important
migratory stopover, wintering, and breeding site for threatened
waterbirds on the southern coast of China. There have been
194 species of birds recorded in the reserve in total, of which
59 are waterbirds (Zhang et al. 2008). Between December
2015 and January 2021, up to 38 critically endangered Spoon-
billed Sandpipers (Martinez & Allcock 2016; Leung
et al. 2022) were recorded on the tidal flats of the ZMNNR
during the winter. It is the site with the largest number of over-
wintering Spoon-billed Sandpipers in China, reflecting the
importance of ZMNNR in the conservation of threatened water-
birds. In 2002, ZMNNR was designated as a Ramsar site, a
wetland site of international importance, because of its importance
for waterbirds and mangroves (Wetlands-International 2017).
However, the exotic Spartina alterniflora was found in the
reserve around 2006 and spread quickly along the coast, with
a total area of more than 18.5 ha (Chen unpublished data;
Guo et al. 2018) by 2018. In our study, we chose the Fucheng
area of ZMNNR as our study area due to the presence of high
numbers of waterbirds, especially the critically endangered
Spoon-billed Sandpipers, compared to other parts of the
ZMNNR, and it was the primary area for a Spartina eradication
project (Fig. 1; Zou et al. 2008; Choi et al. 2020). This area has
a tidal range of 4.7 m (National Marine Data and Information
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Figure 1. The study area (Fucheng) in relation to Leizhou Peninsula, Guangdong.

Service 2019) and about 2,700 ha of bare tidal flats at low tide
(Murray et al. 2022).

ZMNNR managers recognized the negative impact of
S. alterniflora on the wetland ecosystem and initiated an
eradication project between November 2019 and July 2020.
A total of 18 ha of S. alterniflora was planned for eradication
at Fucheng. In November 2019, managers removed 14 ha of
S. alterniflora to the north of Fucheng by digging up the sur-
face layer (including all the rhizome layer) and then burying
that at a depth of 1.5 m, using an excavator (Fig. S1). This
process created a relatively soft layer of sediments near the
surface, as the excavator mostly worked its way backwards
and, therefore, did not cause sediment compaction to the
eradicated area. From 8 May, 2020 to 19 July, 2020, an
additional 4 ha of S. alterniflora was removed to the south
of Fucheng with the support of Shenzhen Mangrove
Wetlands Conservation Foundation, by cutting the stems,
breaking the roots with an excavator, and covering the patch
(to 30 cm beyond the edge) with two-layer black plastic
shade-cloth (permeable to water and air) to prevent regener-
ation and seed germination. The shade cloths were all present
in their covering plots until they were removed in July 2021
after checking the S. alterniflora roots, and the recurrence
rate (seedlings or regrowth from rhizomes) was under 5%.
S. alterniflora under mangroves were removed by manual
digging of the surface rhizomes. Despite the eradication
treatment, a few patches of S. alterniflora remained in the
middle part of the study area (2.71 ha) (Fig. S2). This study
compared usage by waterbirds and the abundance of benthic
organisms in three types of habitats: natural bare tidal
flats, areas with S. alterniflora present, and areas where
S. alterniflora had been eradicated.

110°14'40”E  110°17°20”E  110°20'0”E  110°22'40”E

Sampling Methods

Waterbird Habitat Use—Time-Lapse Cameras. Waterbird
habitat sampling was carried out over two winters. In the first
winter (December 2019), eight paired quadrats (10 m x 10 m)
were set up; each pair comprised an experimental quadrat where
S. alterniflora was present (the height of S. alterniflora was
70-100 cm) and a control quadrat on the nearby bare tidal flat.
In the second winter (December 2020), 12 paired quadrats
(10 m x 10 m) were set up, each pair comprising an experimen-
tal quadrat either with S. alterniflora present (n = 7) or with
S. alterniflora eradicated (n = 5), and a corresponding control
quadrat on nearby bare tidal flat; the distances between the two
paired quadrats were less than 300 m (63.2 + 58.9 m;
mean £ SD) and their relative elevations on the tidal flat were
roughly the same, giving them similar inundation and exposure
duration (see the details in Figs. S3 & S4).

A time-lapse camera (Brinno BCC2000 and F1.2 18-55 mm
lens) was installed next to each quadrat, with an angle that
allowed a complete view of the quadrat area to monitor the use
by birds during the recording time (Fig. S5). A short bamboo
pole was installed at each corner of the quadrat to allow identifi-
cation of the quadrat boundary from the photo. Whenever possi-
ble, these cameras were installed before the quadrats were
exposed by the falling tide (before birds arrived) and retrieved
after the quadrats were covered by the rising tide (after birds left)
to minimize potential disturbance to birds. Recording times for
each pair of quadrats were kept as close as possible by installing
and retrieving cameras in both control and treatment plots of the
same pair before moving on to the next.

The daily recording time at each pair of quadrats was at least
3 hours (the maximum was 8 hours and 50 minutes) and a photo

November 2023 Restoration Ecology

3of13

85U8017 SUOWILWIOD BAITED) 3|cedldde 8y Aq peusenob afe sajolle YO 8SN JO SaInJ Jo} Akeq1T8UlJUO AB|IM UO (SUORIPUOD-PUE-SWLYWO A3 1M ARe.d 1 [eulUo//SdhL) SUORIPUOD Pue swie 18U} 88S " [7202/£0/52] Uo ARiqiTauluo A8|IM ‘€20FT 98,/ TTTT 0T/I0p/L0o A8 |1 ARelq1jeuljuo//Sdny Woly pepeoumod ‘g ‘€202 *X00T9ZST



The benefits of Spartina alterniflora eradication

was taken every 10 seconds (the total sampled time was
756 hours and 47 minutes). All birds walking in the quadrats
captured in the photos were recorded and identified to species
level whenever possible. More than 10% of the birds were iden-
tified to species level, 26% were identified to at least genus level,
about one-third to at least family level, more than 95% to at least
order level, and only 4% of the birds were unidentified due to the
poor image quality, light, weather, and other factors.

In this research, we defined shorebirds as species belonging to
the order Charadriiformes (except gulls), waterbirds as birds
from orders Charadriiformes and Ciconiiformes, and all
birds as all kinds of birds present in the quadrats (Table 1). We
selected only waterbirds that walked within the sample quadrat
and combined that information with recording time, using the
Margalef formula (Margalef 1956) to calculate species richness
per hour (Equation 1) and the Shannon—Wiener index
(Shannon 1948) to calculate the diversity index (Equation 2).
The diversity index was calculated in order-level, family-level,
genus-level, and species-level diversity indices according to dif-
ferent identification results. We also calculated bird occurrence
frequency (the number of birds that appeared in the quadrat
per hour).

d=(S—1)/Inn (1)
s

H/:_Zpiln(pi) (2)
i=1

Among these indices, d is the Margalef diversity index per
hour, S is the total number of species per hour in the sample,
n is the total number of individuals per hour in the sample,
H' is the Shannon—-Wiener diversity index, and p; is the ratio
of the number of individuals in the i-th species to the total num-
ber of individuals.

All analysis were conducted in R 4.0.3 (R Core Team 2020).
We first compared the occurrence frequency of shorebirds,
gulls, and terns (including Saunders’s Gull [Saundersilarus
saundersi]; Black-headed Gull [Chroicocephalus ridibundus];
Caspian Tern [Sterna caspia], and Gull-billed Tern [Gelocheli-
don nilotica]), waterbirds, and all birds in the paired quadrats
(treatment vs. control). We used the Wilcoxon signed-rank test
to compare the indices (Margalef diversity index and
Shannon—Wiener diversity index) of shorebirds between the
treatment and control groups over two years because the raw
and transformed data did not meet the assumption of a normal
distribution for parametric tests (Kiihnast & Neuhiduser 2008;
Fagerland 2012). We plot the corresponding figures using the
ggplot2 (Wickham 2016) package. Results are reported as
mean + SD. The results were considered statistically significant
when p-value was less than 0.05.

Waterbird Habitat Use —Satellite Trackers. During the two
winters, shorebirds were captured using mist nets at night.
They were then ringed and fitted with solar GPS-GSM (global
positioning system-global system for mobile communications)
or GPS-Bluetooth trackers. The tracker models included Druid

Debut Nano (2.8-3.8 g), Druid Mini (6.3 g), and Global Mes-
senger HQBGO0804 (5.2 g). The reported GPS circular error of
probability (50%) for Nano is 2.5 m while Mini is 5 m. All
trackers and harnesses used weighed less than 5% of the bird’s
body weight, with an overall average of 3.2 + 0.7% (n = 16).
Trackers were fitted to waterbirds either with leg-loop harnesses
or by a glue-on method (Thaxter et al. 2014; Chan et al. 2016;
Chang et al. 2020). Trackers could record about 100 GPS loca-
tion fixes daily when the charging conditions were good
(e.g. sunny and the solar panel was not obscured). Data were
uploaded to a cloud database for storage through a Bluetooth
receiver or GSM network. The retrieved location data were then
used to quantify the habitat use of the tracked individuals in the
study area. We marked the boundary of the study area by gener-
ating a minimum convex polygon based on all location fixes to
quantify the habitat used by tracked birds.

Based on our experiences in the field in two winters, as well
as satellite imagery (see details below), we then categorized
our study area into six habitat types at a resolution of 30 m:
(1) open sea or shallow water from dataset FROM-GLC10,
2017 v 0.1.3 (Gong et al. 2019); (2) farmland from dataset
FROM-GLC10, 2017 v 0.1.3, (Gong et al. 2019); (3) aquacul-
ture fishpond by visual interpretation using sentinel-2 L1C scene
S2A_MSIL1C_20201208T031121_N0209_R075_T49QD-
D_20201208T051809.SAFE (United-States-Geological-Survey
2021); (4) mangrove by visual interpretation using the same
image as fishpond; (5) S. alterniflora present or eradicated area
mapped using drone imagery from ZMNNR, and (6) bare tidal
flats in years 2014-2016 using satellite images (Murray
et al. 2019) and extracted for our analysis (Table S2). All data
were integrated, visually checked, and refined, then down-scaled
to 30-m resolution to meet the coarsest dataset; all other types of
habitats were defined as non-habitat as waterbirds rarely used
these areas. The habitat map was then reprojected to
CGCS2000/Gauss-Kruger zone 19 (EPSG:4497). After the crea-
tion of the habitat map, all location fixes were overlayed onto the
map to determine the habitat type for each fix point. We then
summarized the habitat composition used by each bird. Finally,
we examined habitat preference using Bailey intervals
(Cherry 1996). We filtered out consecutive location fixes that
were less than 30 minutes apart (Sanzenbacher & Haig 2002) or
with a speed faster than 5 km/h when birds were likely to be in
flight to minimize dependence between fixes and remove poten-
tial biases toward locations with good charging condition that
increased recording frequency.

Benthic Sampling. Based on the preliminary tracking data and
field observation, waterbirds tended to move between segre-
gated parts of the coastline in our study area, and we divided
the coastline into the north, middle, and south sections. These
also corresponded to different methods for S. alterniflora eradi-
cation (northern sites by burial, middle and south sites by
cutting). Within each section, we further divided the area into
upper, middle, and lower tidal zones by dividing the width of
the tidal flat (roughly the distance from the seawall to the lowest
tide line during low spring tide, which was about 1.5 km) into
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The benefits of Spartina alterniflora eradication

Table 1. The list of birds recorded in this study.

Item

Common Name

Scientific Name

Shorebirds

Common Greenshank

Common Redshank

Far Eastern Curlew

Eurasian Whimbrel

Eurasian Curlew

Dunlin

Grey Plover

Kentish Plover

Greater Sand Plover

Lesser Sand Plover

Saunders's Gull

Black-headed Gull

Caspian Tern

Gull-billed Tern

Chinese Pond-heron

Little Egret

Cattle Egret

Long-tailed Shrike

Common Kingfisher

Yellow Bittern

Barn Swallow

Red-billed Starling

Pied Harrier

Black-winged Kite

Tringa nebularia

Tringa totanus

Numenius madagascariensis

Numenius phaeopus

Numenius arquata

Calidris alpina

Pluvialis squatarola

Charadrius alexandrinus

Charadrius leschenaultii

Charadrius mongolus

Saundersilarus saundersi

Chroicocephalus ridibundus

Sterna caspia

Gelochelidon nilotica

Ardeola bacchus

Egretta garzetta

Bubulcus ibis

Lanius schach

Alcedo atthis

Ixobrychus sinensis

Hirundo rustica

Sturnus sericeus

Circus melanoleucos

Elanus caeruleus

November 2023 Restoration Ecology

50f13

85UBD |7 SUOLILLIOD BARER.D 3ot |dde au3 Aq pausenob 8fe Sl VO ‘88N JO S9N 1o} Akeid i 8UlIUO A8]IM UO (SUOTIPUOD-PUe-SLLBY WD A3 1M ARl [BulUO//SdRU) SUORIPUOD PUe WS | 84} 35S " [7202/20/G2] U0 A%eiqi8uliuo A8|IM ‘€Z0FT 384/TTTT OT/I0p/W0d" A3 1M Aselqjpul|uo//Sdiy Wwo. pepeojumoq ‘g ‘€202 X00TIZST



The benefits of Spartina alterniflora eradication

three tidal zones with equal width. The upper tidal zone was
dominated by vegetation (mangroves and S. alterniflora), while
the middle and lower tidal zones were bare tidal flats. A stratified
(by tidal zone) random sampling approach was used in our ben-
thic sampling design as the inundation time (i.e. tidal zone) has a
strong influence on the distribution of benthic organisms
(Choi et al. 2014). Benthic samples were collected from the
upper (S. alterniflora eradicated areas) and middle tidal zones.
No samples were collected from the lower tidal zone due to
the substantial difference in inundation time.

Within each section (north, middle, and south) and tidal zone
(upper and middle), we randomly selected three sampling quad-
rats (3 m x 3 m) using ArcGIS (“Create random points tool”)
with the minimum distance between quadrats set at 100 m.
The average distance between the seawall and quadrats in the
upper tidal zone was 169.5 m, and the average distance between
the seawall and quadrats in the middle tidal zone was 591.5 m.
S. alterniflora eradicated areas were located mainly at the lower
edges of the upper tidal zone, which reduced the difference in
inundation time between benthic samples collected in
S. alterniflora eradicated areas and those in the bare tidal flats
of the middle tidal zone, making a comparison reasonable. The
impact of different tidal zones was kept to the minimum because
the average distance between quadrats in S. alterniflora eradi-
cated areas in the upper tidal zone and bare tidal flats in the mid-
dle tidal zone to the seawall was about 400 m.

Three core subsamples were randomly collected from each
quadrat. Each core subsample (diameter 15.5 cm, area
0.075 m?, and 20 cm deep) was divided into the top 5 cm and
bottom 15 cm (5-20 cm). These two depths were sampled
because shorebird species differ in their bill lengths and poten-
tially exploit different depths of the benthos (Fitter & Cramp
1980; Piersma et al. 1993). All core samples were washed in situ
through a 0.5 mm sieve. The benthic organisms were stored in
95% ethanol, and in the laboratory, all organisms were identified
to the finest practicable taxonomic level using a dissecting
microscope. We also recorded measurements from each organ-
ism, including body length, width, and height, for biomass esti-
mation. Benthic samples were collected in December 2020
(13 months after S. alterniflora eradication by burying in the
north section, 5 months after S. alterniflora eradication by cut-
ting in the middle and south sections) with 17 quadrats and
51 core subsamples collected. The quadrats in the upper tidal
zone were all located in areas where S. alterniflora had been
eradicated (Fig. S6). The three core subsamples within each
quadrat and depth class were combined in the analysis.

Based on the body measurement data, the ash-free dry mass
of each benthic organism was estimated using standard conver-
sion equations for the most closely related taxon (Rogers 2006;
Choi 2015; Table S1). Measurements were still taken and
recorded for the broken benthic organisms collected, with bio-
mass estimated using the most closely related taxon and the size
measured. The total biomass was divided by the surface area of
the corer to obtain the total biomass per unit area, which was
separated into the top layer biomass (top 5 cm), the bottom layer
biomass (5-20 cm), and the combined biomass (0-20 cm). As
the raw and transformed data did not meet the assumption for

a normal distribution, we used the Wilcoxon signed-rank test
in R to compare the biomass and density of benthic organisms
between paired plots in different habitats, namely areas where
S. alterniflora had been eradicated and paired nearby bare
tidal flats.

Results

Waterbird Habitat Use—Time-Lapse Cameras

The Frequency of Occurrence of Birds in Different
Habitat Types. Based on the two-winter data, the occurrence
frequencies of shorebirds, waterbirds, and all birds were signif-
icantly higher in the bare tidal flats than in paired areas where
Spartina alterniflora was present (p < 0.01), but there was not
such a difference for gulls (Table S3; Figs. S7 & S8). The occur-
rence frequency of shorebirds was also significantly higher in
the bare tidal flats than in areas where S. alterniflora had been
eradicated. Although the occurrence frequency of shorebirds
(2.17 £ 3.38 per hour, n = 43), waterbirds (3.40 4= 3.87 per
hour, n = 43), and all birds (3.54 &+ 3.96 per hour, n = 43) in
the S. alterniflora eradicated areas were not as high as that in
the bare tidal flats (shorebirds: 6.51 & 8.09 per hour, n = 43;
waterbirds:  6.80 = 8.35 per hour, n=43; all birds:
6.89 =+ 8.43 per hour, n = 43), the occurrence frequencies were
still substantially higher than the areas with S. alterniflora pre-
sent (shorebirds: 0.07 £ 0.19 per hour, n = 41; waterbirds:
0.18 4 0.58 per hour, n = 41; all birds: 0.15 £ 0.31 per hour,
n = 41). The occurrence frequency of gulls was also higher in
areas where S. alterniflora had been eradicated than in those
where S. alterniflora was present (from O to 0.24 + 0.53
per hour).

The Species Richness and Diversity Indices of Waterbirds in
Different Habitat Types. We found that species richness and
nearly all diversity indices were significantly higher in the bare
tidal flats than in areas with S. alterniflora present, except for
the order-level diversity index (Table S3; Fig. 2A & 2B), indi-
cating that S. alterniflora had an adverse effect on the bird spe-
cies richness and diversity. For the comparison between areas
where S. alterniflora had been eradicated and bare tidal flats,
the species richness, order-level, family-level, genera-level,
and species-level diversity indices were not significantly differ-
ent (Table S3; Fig. 2C & 2D).

Species richness and species-level diversity of shorebirds
were generally higher in the areas where S. alterniflora had been
eradicated compared to areas where S. alterniflora was present
(species richness: 0.05 £ 0.07 vs. 0, species-level diversity:
0.06 £ 0.13 vs. 0) (Fig. 2).

Waterbird Habitat Use — Satellite Trackers

In 2020, a total of 16 birds were tracked, comprising nine
Common Redshank (Tringa totanus), two Red Knot (Calidris
canutus), two Gray Plover (Pluvialis squatarola), one
Saunders’s Gull and two Greater Sand Plover (Charadrius
leschenaultii), however no data were received from two
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Figure 2. The species richness and diversity indices of shorebirds for different experimental groups: (A) is the species richness and (B) is species-level diversity
for Spartina alterniflora present areas (SPA) and bare tidal flats (CON). (C) and (D) are the species richness and species-level diversity for S. alterniflora
eradicated areas (TRE) and bare tidal flats (CON). Asterisks denote p less than 0.05, while “ns” denotes p greater than 0.05.

Common Redshanks, possibly due to the individuals leaving the
area after release, tracker failure or death. Over 26,600 location
fixes were obtained (1904 4+ 2,456 per individual bird
[n = 14]). The overall average tracking duration per tracked
bird was almost 2 months (56.79 + 52.78 days, n = 14).

From the tracking data, some individuals, including Common
Redshank, were detected using S. alterniflora eradicated areas
(Fig. S9). More than 5% of all Common Redshank fixes were
recorded from such areas, although these areas accounted for only
0.09% of the total study area, or 0.63% of all intertidal areas (man-
grove and bare tidal flats) (Fig. 3). Six of seven tracked Common
Redshanks used areas where S. alterniflora had been eradicated,
with one individual using these areas in 15% of its location fixes.
Moreover, there appear to be some differences in the habitat use
patterns between species, with Common Redshank often using
vegetated areas (mangrove, 15.29 + 14.68%, n = 7), while other

species rarely used vegetated areas (mangrove, 0.29 4+ 0.45%,
n = 7). Most of the S. alterniflora eradicated areas were located
next to or close (range: 0-300 m) to mangroves, which may be
one reason that Common Redshank (6.86 + 4.26%, n = 7) used
S. alterniflora eradicated habitat substantially more than other
species (0.71 £ 0.88%, n = 7) (Table 2).

The observations described above were confirmed in the
Bailey intervals analysis (Table 3). Common Redshank used
bare tidal flats, mangroves, and S. alferniflora eradicated
habitats more than expected and fishponds in proportion to their
availability; for other waterbirds, bare tidal flats and fishponds
were used more than expected, and S. alterniflora eradicated
habitat was used in proportion to its availability. The tracked
shorebirds generally preferred bare tidal flats, mangroves,
fishponds, and S. alterniflora eradicated habitats while avoiding
sea or shallow water and farmland.
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Figure 3. Locations of tagged waterbirds: (A) was the distribution of Spartina alterniflora eradicated areas (provided by Guangdong Zhanjiang Mangrove
National Natural Nature Reserve); in (B), white circles denote location fixes from Gray Plovers, pink denotes Greater Sand Plovers, orange denotes Red Knots
and green denotes Saunders’s Gull; in (C), red circles denote location fixes from Common Redshank.

Table 2. The composition (in percentage) of different habitat types used by tracked birds with all location fixes was used.

Spartina
alterniflora Sea or Total number
Species Bird identities Bare tidal flat ~ Fishpond — Mangrove eradicated shallow water ~ Farmland  of location fixes
Common Redshank CORE_00 59 30 2 9 1 0 174
Common Redshank CORE_01 42 13 38 5 2 0 5,050
Common Redshank CORE_02 44 19 32 5 1 0 2,762
Common Redshank CORE_03 61 17 12 8 2 0 4,573
Common Redshank CORE_18 67 33 0 0 0 0 6
Common Redshank CORE_22 46 15 23 15 0 0 13
Common Redshank CORE_35 81 13 0 6 0 0 32
Gray Plover GRPL_01 25 71 1 0 4 0 137
Gray Plover GRPL_23 51 45 0 1 3 0 6,479
Greater Sand Plover ~ GSPL_00 59 39 0 2 0 0 286
Greater Sand Plover  GSPL_01 68 29 0 0 2 1 702
Red Knot REKN_40 12 67 0 0 21 0 57
Red Knot REKN_65 23 48 0 0 29 0 6,206
Saunders’s Gull SAGU_23 44 30 1 2 23 0 176

Density and Biomass of Benthic Organisms

In December 2020, we collected benthic samples from 18 quadrats
(three cores per quadrat) with a total of 816 individual organisms
from at least 63 species, dominated by gastropod and polychaete
(Table S4). The overall average densities of benthic invertebrates
in the top layer (top 5 cm) and bottom layer (5-20 cm) were
459.30 + 559.25 /m? and 305.22 + 556.11/m?, respectively. Pir-
enella asiatica (class: Gastropoda) was the most abundant species
overall and accounted for more than 35% of the total number of
individuals. This species was more abundant in the upper tidal zone
(24 4 64.37/m?) than in the middle tidal flat (8.56 & 21.78/m?).

The effects of S. alterniflora eradication treatments on the
biomass of benthic organisms were complicated. The top layer
in areas where S. alterniflora had been eradicated had a signifi-
cantly higher biomass (p < 0.01) than bare tidal flats, while in
the bottom layers, the bare tidal flats had a significantly higher
biomass (p < 0.01) (Fig. 4). The biomass totals in combined
layers were not significantly different between the two habitat
types. For benthic organism density in the bottom and combined
layers, the bare tidal flats were significantly higher (p < 0.01 for
both) than the S. alterniflora eradication areas, but there was no
significant difference in the top layer. After considering different
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Table 3. Percentage (%) of habitat availability and actual habitat usage by waterbirds and Bailey’s 95% confidence interval (CI). Consecutive location fixes
collected within 30 minutes were excluded. Habitat type with % available less than that in Bailey’s 95% CI indicated that such habitat type was used more than
expected, and vice versa. Habitat type with % available that falls into the range of Bailey’s 95% CI indicated that such habitat type was used in proportion to its

availability.
Bailey’s 95% ClI for percentage of usage and results
Habitat type % Habitat available Common Redshank (n = 6) Other waterbirds (n = 6) Combined (n = 12)
Bare tidal flat 0.1148 (0.5922, 0.6966) Prefer (0.3191, 0.4246) Prefer (0.4702, 0.547) Prefer
Fishpond 0.2139 (0.1468, 0.2324) (0.3081, 0.4129) Prefer (0.2402, 0.3088) Prefer
Mangrove 0.0246 (0.0693, 0.1353) Prefer (0.0029, 0.0095) Avoid (0.0346, 0.0686) Prefer
Spartina alterniflora 0.0009 (0.0326, 0.0833) Prefer (0.0029, 0.014) (0.0173, 0.0437) Prefer
eradicated

Sea or shallow water 0.5689 (0.0027, 0.0277) Avoid (0.2155, 0.3116) Avoid (0.1115, 0.1646) Avoid
Farmland 0.0769 (0.0029, 0.0084) Avoid (0.0029, 0.0139) Avoid (0.0014, 0.007) Avoid

eradication methods, findings were consistent with the com-
bined results except that differences between habitats were non-
significant for the top-layer benthic biomass when S. alterniflora
was eradicated via the burial method, and differences between
habitats were nonsignificant for the benthic biomass and total
density in the bottom layer when S. alferniflora was removed
by the cutting and shade-cloth method (Figs. S10 & S11, Table
S5). Overall, these results demonstrated that the density and bio-
mass of benthic organisms in the bottom layer were often lower
in S. alterniflora eradicated areas than on bare tidal flats.

Discussion

Our research shows that the eradication of Spartina alterniflora is
an effective means of restoring waterbird habitats. Almost all
waterbirds demonstrated an avoidance of areas where
S. alterniflora was present. Once S. alterniflora was removed,
the species richness and species-level diversity of shorebirds and
waterbirds had no significant difference from that of the bare tidal
flats. Tracking data also showed that waterbirds used, and some
even preferred, areas where S. alterniflora was eradicated. None-
theless, the density and biomass of benthic organisms (in the bot-
tom 5-20 cm) as food for waterbirds tended to be significantly
lower in S. alterniflora eradicated area than in bare tidal flats.
Many studies have shown that the abundance and diversity of
waterbirds are negatively related to the height of vegetation
(Colwell & Dodd 1995; Shepherd & Lank 2004). S. alterniflora
grows very densely and the density in Leizhou was about 100—
250 shoots/m®, with a height range of 100-150 cm (Liu
et al. 2016). Tall vegetation creates a barrier to the foraging of
waterbirds and makes predator avoidance more difficult; as a
result, waterbirds are reluctant to move into the S. alterniflora area
(Gan et al. 2009). For most waterbirds, S. alterniflora restricts
their activities and food availability, so the spread of
S. alterniflora has a negative impact on waterbird abundance
and diversity (Gan et al. 2009). In Yancheng, Jiangsu, China,
due to the invasion of S. alterniflora, Red-crowned Cranes (Grus
Jjaponensis) have lost 80% of their suitable habitat, and their abun-
dances have fallen sharply (Okoye et al. 2020). In the
United Kingdom, the abundance of Dunlin (Calidris alpina) win-
tering in the British Isles was reduced sharply in areas where
Spartina anglica had expanded (Goss-Custard & Moser 1988).

In this study, the eradication of S. alterniflora is an effective
means to restore habitats for waterbirds. The species richness
and diversity of shorebirds and waterbirds in bare tidal flats were
significantly higher than in areas where S. alterniflora was pre-
sent, while no significant difference was found in these indices
between bare tidal flats and areas where S. alterniflora had been
eradicated, indicating that the latter has been restored to serve a
similar function as bare tidal flats for shorebirds and waterbirds.
Chen’s study in Zhanjiang showed a similar pattern, as the spe-
cies richness, diversity index, and Pielou’s evenness for avi-
fauna were significantly lower in areas with S. alterniflora
than in unvegetated shoals (Chen et al. 2018a). Our work also
indicated that the species richness, abundance, frequency of
occurrence, and species-level diversity of shorebirds were sub-
stantially higher in areas where S. alterniflora had been eradi-
cated than in areas where S. alterniflora was present.

In England, waterbirds, particularly Common Redshank, fed
more on intertidal areas cleared of S. anglica than on areas with
it (Evans 1986). The same pattern was found with our tracked
Common Redshanks. This is consistent with another study from
the United States that showed a higher abundance of waterbirds
in S. alterniflora eradicated area than in S. alterniflora untreated
area (Patten & O’Casey 2007). Together, these studies suggest
that the abundance of waterbirds will increase after the eradica-
tion of S. alterniflora. Given its rapid expansion along the
coastal tidal flats in East Asia, especially in important waterbird
sites along the China and Korea coasts (Kim et al. 2015; Jackson
et al. 2021), it is critically important for local managers to con-
trol and eradicate S. alterniflora to improve the habitat availabil-
ity for waterbirds.

There is little doubt that waterbirds will use eradicated areas,
but different waterbird species may benefit differently from this
process. In the case of our study area, it was clear that Common
Redshanks, but not other waterbird species, prefer to forage at
the mangrove edge and in S. alterniflora eradicated habitats.
This may be related to the distribution of their main prey (deca-
pods, isopods, and amphipods; Huang et al. 2022), hence, they
probably benefit more from the eradication than other waterbird
species.

As a key migratory stopover and wintering site for waterbirds,
Fucheng in the ZMNNR has become one of the internationally
important wetlands, supporting a variety of waterbirds, including
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Figure 4. The biomass (grams per square meter) and density (number per square meter) of different layers (top [0-5 cm], bottom [5-20 cm], and combined layer) for
Spartina alterniflora eradicated areas (TRE) and bare tidal flats (CON) in combined sections. Asterisks denote p less than 0.05, while “ns” denotes p greater than 0.05.

8% of the estimated world population of the critically endangered
Spoon-billed Sandpiper—a flagship species for wetland conser-
vation along the EAAF (Leung et al. 2022). Loss of waterbird
habitats in ZMNNR will affect waterbird populations negatively
along their migration routes. Our study shows that the eradication
of S. alterniflora is an effective means to restore waterbird habi-
tats. It is important to continue monitoring and controlling
S. alterniflora in ZMNNR to ensure it will not reinvade the erad-
icated areas. It is also important to expand the studied species and
locations to gain a more comprehensive understanding of the
S. alterniflora eradication benefits to waterbird species.

One of the important drivers behind the differential distribu-
tion in waterbirds is the availability of food that a habitat can
provide (Piersma et al. 1995). Waterbirds tend to choose winter-
ing grounds with higher availability of food, higher energy con-
tent, and lower foraging costs (Piersma 2012). Benthic
organisms are the vital energy sources of waterbirds (Duijns
et al. 2013; Choi et al. 2017; Micael & Navedo 2018). In this

study, the density of benthic organisms was lower in
S. alterniflora eradicated areas compared to bare tidal flats at
deeper depths (5-20 cm). As the differences in tidal inundation
were not substantial, except the few days during neap tide cycle
when S. alterniflora eradicated areas are exposed for longer
while bare tidal flats may get inundated for longer, the observed
differences could be caused by other factors (Choi et al. 2014):
first is the effect of S. alterniflora eradication, as S. alterniflora
was one of the primary food sources for macrobenthic fauna
(Chen et al. 2018b); second, local people were farming shellfish
by setting out shellfish seedlings on bare tidal flats and spraying
pesticide to control other benthic predators (Peng et al. 2021);
thirdly, the black shade-cloth used to cover S. alterniflora
could form a barrier to sediments and benthic organism
re-establishment, and the presence of dead S. alterniflora roots
and shoots both above and belowground in some eradicated area
could also hinder settlement by benthic organisms (Brusati &
Grosholz 2006; Neira et al. 2006).
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The use of black shade-cloth to cover S. alterniflora does not
seem ideal. It may discourage vertical movement of benthic
organisms, thereby changing the benthic communities and
potentially affecting local people who collect natural benthic
organisms for food; secondly, shade-cloth may also change the
local topography over time, depending on its size and
the strength of tidal current. Other approaches that do not
involve black shade-cloth, such as herbicide use, are worth con-
sideration. The density of benthic organisms in areas where
S. alterniflora was eradicated did not recover to the level in bare
tidal flats. It remains unclear how benthic communities will
respond to the eradication process over time. A long-term mon-
itoring effort is needed, lasting over 1 year after eradication. Our
findings show that waterbirds returned and used S. alterniflora
eradicated area very quickly. However, it is important to keep
in mind that the bottom layer (5-20 cm) of eradicated areas is
probably not providing as much food (i.e. benthic organisms)
as the bottom layer of bare tidal flats, and this may impact the
foraging of waterbirds that are capable of feeding on prey deep
in the sediments (e.g. Eurasian Curlew [Numenius arquatal,
Bar-tailed Godwit [Limosa lapponical]). The patterns reported
could be affected by the different inundation duration between
eradicated areas (upper tidal zone) and bare tidal flats (middle
tidal zone), as the former was exposed for about
78.49 + 6.81% and the latter for 52.82 + 5.31% (n = 31) of
the time in the sampling month.

In short, the restoration of bare tidal flats through
S. alterniflora eradication created foraging habitats for water-
birds, with species such as Common Redshank potentially
benefiting more than other species do. However, areas where
S. alterniflora was eradicated tended to have lower benthic
organism density and biomass than bare tidal flats in the bottom
layer, indicating that it may take longer for the benthic commu-
nity to recover after restoration. These findings provided an
example for evaluating the effectiveness of tidal flat restoration
along the coast, and long-term monitoring is required to under-
stand the long-term impact, especially on the change in benthic
communities and thereby, food availability to waterbirds. There
are some recommendations for relevant restoration effort:
(1) design of monitoring work to assess effectiveness should
be planned at an early stage, together with the eradication plan;
(2) during the eradication work, ensure lucid communication
between the eradication team and the monitoring team;
(3) long-term monitoring lasting longer than a year is needed
to assess the effectiveness of such eradication work. Finally,
the removal of S. alterniflora is only the beginning of restora-
tion. Taking the habitat preferences of different waterbirds into
consideration and restoring the appropriate native plant or bare
tidal flat to avoid habitat loss due to changes in vegetation type
is an important step to follow, as well as an important way to
conserve migratory waterbirds globally (Choi et al. 2022).
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