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Leizhou Bay in Guangdong Province is the most important wintering site in

China for the critically endangered Spoon-billed Sandpipers (Calidris pygmaea).

As food is usually a strong predictor of presence, in the winters of 2019-2022

we studied arthropod food resources and diet on the intertidal mudflats at the

Tujiao and Hebei mudflats in Leizhou Bay. In December 2020, using a sampling

device that encloses mobile epibenthic prey before the human sampler would

disturb them in shallow pools, we visited 34 stations in their core foraging area

at Tujiao. A total of 15 mobile benthic species were identified, including 13

arthropod and 2 fish species, with a total density of 106 animals/m2 (range=

0.2-48 animals/m2), with the lengths of the animals ranging from 1-19 mm.

Two amphipod and one cumacean species contributed 85%. On the basis of

photographs of foraging during low tide in 2019-2022, the visibly ingested prey

items appeared to mainly consist of small shrimp, but also included crabs and

fish. At 27 mm (compared with the 22 mm long bill of Spoon-billed Sandpipers)

the average visibly ingested prey showed a strong size bias. Among the

measured environmental covarying factors (sediment pH, salinity, TOC

content, median particle size and distance from the seawall etc.) potentiually

affecting the mobile epibenthic prey in shallow pools, only distance from the

seawall was significantly and negatively correlated. Densities were higher

within 1 km of the seawall (126 animals/m2) than further offshore (69

animals/m2). This may relate to the mangrove forests growing in abundance

near the seawall providing released minerals, nutrients, bacterial production

and diatoms for the benthic community in the adjacent mudflats. However, the

potential negative impact of artificial mangrove expansion in Leizhou mudflats

need to be carefully monitored and assessed to balance both mangrove and

Spoon-billed Sandpipers conservation.
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Introduction

Animals that do not eat will die, so for good reasons, studies

of food and foraging define to a considerable extent migration

ecology, of which diet and food resources are an important part

(Ma et al., 2005; Piersma, 2007). Among all the parameters

determine habitat selection of a particular species, energy

management on the basis of diet and food availability is the

most crucial to understand (Piersma, 2012). Shorebirds are

migratory birds that feed mainly on bottom-dwelling

invertebrates (benthos) in wetlands including coastal intertidal

mudflats (van de Kam et al., 2004). The distribution of

shorebirds during the non-breeding season is largely a

function of available food resources (Goss-Custard, 1977;

Bryant, 1979; Zwarts and Wanink, 1993; Ribeiro et al., 2004);

densities of shorebirds are often correlated with the quantity and

quality of available macrobenthos (Boettcher et al., 1995; Butler

et al., 2001; Placyk and Harrington, 2004; van Gils et al., 2005;

Nuka et al., 2005; Folmer et al., 2010; Folmer and Piersma, 2012;

Folmer et al., 2012; Zharikov and Skilleter, 2016). Therefore, the

status of benthos resources is an important aspect to consider in

the conservation of a particular species (Piersma et al., 2001;

Kraan et al., 2009).

The East Asia-Australasian Flyway is home to the largest

number of shorebird species in the world, with stretches of

coastal mudflats supporting huge numbers of shorebirds

through the non-breeding season (Stroud et al., 2006; Bamford

et al., 2008). A wide range of food resources is available in these

intertidal mudflats, including a variety of bivalves, gastropods,

polychaetes, arthropods, and small fish (Zhao, 2001; van de Kam

et al., 2004). Studies on the food choices and intake rates of

shorebirds such as Red Knots (Calidris canutus), Great Knots

(Calidris tenuirostris), and Bar-tailed Godwits (Limosa

lapponica) have revealed that these birds, which migrate over

long distances with only a few staging sites, display certain food
02
preferences during their time in the Yellow Sea Ecoregion, and

intertidal mudflats with high-quality or high-density benthos are

their preferred staging sites (Yang, 2012; Choi, 2015; Zhang

et al., 2019). The history of long-term monitoring of food

resources in important non-breeding areas in the East Asia-

Australasian Flyway is not long, but it provided essential

information for the conservation of shorebirds and their

habitats (Choi et al., 2014; Yang et al., 2016; Zhang et al., 2018).

The Spoon-billed Sandpiper (Calidris pygmaea), which only

occurs in the East Asia-Australasian Flyway, is one of the world’s

most critically endangered species with very low and declining

numbers (Zöckler et al., 2010; Amano et al., 2012; Aung et al.,

2018). The latest estimate of the Spoon-billed Sandpiper

population was 490 mature individuals or 773 individuals of

all ages (Green et al., 2021). Therefore, conservation of this

endangered species and its habitats is currently one of the most

important tasks for biodiversity conservation in the East Asia-

Australasian Flyway.

Spoon-billed Sandpipers breed mainly on the coast of the

Chukotsk Peninsula in the Russian Arctic (Flint et al., 1977;

Tomkovich et al., 2002). The wintering areas of this bird range

from southern China, with stable populations in the coastal areas

of Fujian, Guangdong, Guangxi, and Hainan provinces, to

southeastern and southern Asia, including Vietnam, Thailand,

Myanmar, and Bangladesh. Among them, the Gulf of Mottama

in Myanmar is home to 60% of the global population of Spoon-

billed Sandpipers (Bird et al., 2010; Zöckler et al., 2010;

Chowdhury, 2011; BirdLife International, 2016; Zöckler et al.,

2016; Chowdhury et al., 2017; SBS Conservation Alliance, 2022).

Based on wintering population surveys conducted over the past

three years, the four most important wintering grounds of

Spoon-billed Sandpipers include the Gulf of Mottama, Leizhou

Bay in China, Nanthar Island in Myanmar, and Sonadia Island

in Bangladesh (Tables 1, 2) (EAAFP SBS Task Force, prep.; SBS

Conservation Alliance, 2022).
TABLE 1 The wintering population and the proportion to the global population of Spoon-billed Sandpipers in the top four important wintering
areas in the world*.

Site 2020 World 2021 World 2022 World

Southern China 49 24% 61 45% 67 38%

Mottama, Myanmar 105 51% 42 31% 80 45%

Nanthar. Myanmar 18 9% 5 4% 7 4%

Sonadia, Bangladesh 12 6% 4 3% 4 2%
frontie
*Data obtained from SBS Wintering Census Report 2022 (EAAF SBS Top Force, prep.). The observers in China, Mottama, Nanthar, and Sonadia were MCF, NCS, Ren Nou Soe, and
SUC, respectively.
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Due to the rarity of Spoon-billed Sandpipers and difficulty in

monitoring individual prey catches, few studies have reported

their diet and the status of food resources in their critical habitats

(Dixon, 1918; Portenko, 1957; Portenko, 1968; Voronov, 1980;

Portenko, 1981; Cha and Young, 1990; Kelly et al., 2017; Aung

et al., 2022; Yang, 2022). Diet descriptions mention crustaceans,

small fish, polychaetes, mollusks, and insects (Dixon, 1918;

Portenko, 1957; Portenko, 1968; Voronov, 1980; Portenko,

1981; Cha and Young, 1990; Kelly et al., 2017). Although

Spoon-billed Sandpipers forage in a variety of substrate types,

they prefer mixed sand and mud substrates and often forage in

small shallow pools remaining after the ebbing tide, which

contain crabs, shrimp, amphipods, and polychaetes (Burton,

1971; Piersma, 1986; Bird et al., 2010; Chowdhury et al., 2017;

Kelly et al., 2017; Aung et al., 2022). Previous studies

investigating feeding behavior reported that foraging Spoon-

billed Sandpipers do not deeply probed the sediment (Piersma,

1986; Swennen and Marteijn, 1988; Kelly et al., 2017; Aung et al.,

2022; L Cheng 2022, personal observation; DM Li 2022, personal

communication), implying that their main food is not mollusks

or sandworms buried within the sediment. In southern Jiangsu,

China, which is the globally most important staging site for

Spoon-billed Sandpipers, reported that foraging birds show a

significant preference for areas with high amphipod densities in

areas with abundant tide pools in which amphipods congregate

at low tide (Shepherd, 1995; Drolet and Barbeau, 2009; Yang,

2022). Therefore, shallow tidal pools are key foraging habitat for

Spoon-billed Sandpipers and the mobile epibenthos (benthos

live on the surface of the mudflats) living in it are the known

food resource.

Leizhou Bay in Guangdong Province is the most important

wintering area for Spoon-billed Sandpipers in China (SBS

Conservation Alliance, 2022). At low tide, the intertidal

mudflats are widely covered with shallow pools (Figure 1),

and Spoon-billed Sandpipers have been observed to feed here

on crabs (Kelly et al., 2017). Here we set out assessing food

abundance of Spoon-billed Sandpipers in this area as well as

providing a very preliminary description of diet. The food

resources were explored by sampling macrobenthos in shallow

pools at 34 sampling stations using sampling devices and

methods specifically designed to target mobile epibenthos,

e.g., arthropods and small fish. Meanwhile, the sediment
Frontiers in Marine Science 03
characteristics were measured to explore the correlations

with potential prey densities. To describe the diet we

photographed food items held in the bill of Spoon-

billed Sandpipers.
Materials and methods

Study area

The study area was located in the Guangdong Zhanjiang

Mangrove National Nature Reserve (20°51’-55’N, 110°10’-

12’E) (Figure 1), which is at the southernmost tip of

mainland China and divided into over 40 patches, which
FIGURE 1

Map (above) and landscape (below) of the study sites situated in
Leizhou Bay in the South China Sea: Tujiao and Hebei. Benthos
and sediment sampling stations along transects in the intertidal
mudflats are shown.
TABLE 2 Wintering population of Spoon-billed Sandpipers in the top four important wintering sites in southern China*.

2020 China1 World2 2021 China World 2022 China World

Leizhou, Zhanjiang, Guangdong 28 57% 14% 33 54% 24% 29 43% 25%

Hepu, Beihai, Guangxi 0 – – 0 – – 10 15% 8%

Yangjiang, Guangdong 8 16% 4% 4 7% 3% 8 12% 7%

Fangchenggang, Guangxi 10 20% 5% 9 15% 7% 8 12% 7%
frontie
*Data was from SBS winter report 2022 (SBS Conservation Alliance, 2022). The observers was SBS Conservation Alliance.
1Percentage of wintering population of Spoon-billed Sandpipers in China.
2Percentage of global wintering population of Spoon-billed Sandpipers.
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are scattered in bands along the coastal intertidal zone on

both sides of Leizhou Bay on the Leizhou Peninsula,

Guangdong Province (Chen and Chen, 2012). The Leizhou

Peninsula is the third largest peninsula in China and has a

northern tropical marine monsoon climate with approximately

2,000 h of sunshine annually and no frost or snow cover in

‘winter’. The average annual temperature is 22°C, with an

average temperature of 15°C in January and 29°C in August.

The dry and wet seasons are distinct, with an average annual

rainfall of 1100-1800 mm concentrated in the rainy season

from May to September, with the most rainfall occurring in the

coastal summer when typhoons are frequent (Agriculture

Office of Guangdong Provincial People’s Government, 1996).

Most of the tidal flats on the Leizhou Peninsula are sandy, and

only the estuaries and inner bays have muddy and sandy

substrates. The east coast of the peninsula experiences an

irregular semidiurnal tide, while the west coast experiences a

regular diurnal tide. The annual average tidal range is 1.77 m,

with an annual average maximum tidal range of 3.52 m (Huang

and Ye, 1995).

Leizhou Bay, located on the east side of the Leizhou

Peninsula, is 50 km wide and 75 km length, containing

extensive intertidal mudflats along the coast. It is the largest

natural bay on the Leizhou Peninsula, with 22 internal rivers in

the bay and 17 rivers flowing into the sea. The Nandu River is

the largest river on the Leizhou Peninsula with a total length of

65 km and has the largest downstream coastal alluvial

plain. The alluvial coast at the estuary is formed by silt

accumulation and contains a concentrated mangrove area

(Guangdong Zhanjiang Mangrove National Nature Reserve

Administration (GZMNNRA), prep. 1 and prep. 2;

Jin et al., 1992).

The study area included the mudflats in Tujiao and Hebei

villages, located in the Fucheng (town) section of the reserve

on the west side of Leizhou Bay. The sediment was muddy to

sandy and influenced by the Nandu River, with sandy

mudflats on the offshore side and a small slope. A dense

mangrove belt is distributed near the seawall. In recent years,

patches of mangrove have become established in the mudflats.

Additionally, an invasive species of cordgrass, Spartina

alterniflora, has expanded its range in the mudflats outside

the mangroves, although most patches have been cleaned up

and replaced with mangrove seedlings as a measure of

invasive plant control and mangrove protection as well.

Aquaculture ponds and returning-aquaculture-pond-to-sea

areas are located inside the seawall (Guangdong Zhanjiang

Mangrove National Nature Reserve Administration

(GZMNNRA), prep. 1 and prep. 2). The mudflats in Tujiao

and Hebei are popular feeding grounds in the reserve for the

wintering population of Spoon-billed Sandpipers. In mid-

December 2020 and 2021, 22 and 25 individuals were

recorded in the mudflats of Tujiao, respectively.
Frontiers in Marine Science 04
Benthos sampling

Macrobenthos were sampled in the Tujiao mudflats

oncefrom December 15 to 17, 2020. Sampling stations were

deployed using the grid sampling method, according to the

intertidal width (Figure 1) (Bijleveld et al., 2012). Six transects

were set up parallel to the latitudinal lines, with the middle four

transects spaced 250 m apart, and two transects at both ends

spaced 500 m apart. Grid-like sampling stations spaced 250 m

apart were set up along each transect, parallel to the longitudinal

lines. A total of 34 stations were sampled from the six transects.

The distance between each sampling station and the seawall was

determined using Google Earth software based on GPS data.

As Spoon-billed Sandpipers prefer to feed in shallow pools,

a shallow pool has been chosen at each station to sample

the benthos. To avoid disturbing the mobile epibenthos

(arthropods and fish) in shallow pools, a 40 × 40 cm2 metal

sampling frame was lifted into the air at a height of 2 m above

the ground with a 4-m-long pole, reaching 10 m from the

sampling station, and then slowly brought toward the shallow

pool. The frame was then pushed into the mudflat surface, and

the lower part of the frame was immediately pressed down into

the sediment to prevent benthos inside the frame from

escaping (Penning et al. MS 1). A 30 cm D-shaped hand net

was used to scrape the top 4 cm of sediment from the mudflat

inside the sampling frame, while filtering the water inside the

frame to capture the benthos within. The contents of the hand

net were poured into a 1 mm aperture metal sieve and washed.

The benthos remaining in the sieve were placed in labeled self-

sealing bags, transported to the laboratory, and stored at -20°C

for further analysis.

The collected macrobenthos were identified at the species

level, measured for size, and counted using a stereomicroscope

(Phoenix Optical Technologies, Shangrao, China). Because

polychaetes were not easily counted as they were small and

often broken into several segments during collection, they were

not included in the analysis.
Estimation of shallow pool area
proportion

A photograph of the mudflat surface was taken upon arrival at

the sampling station, and the proportion of the shallow pool area

to the total area at each station was estimated. This proportion was

used to calculate the density of benthos in shallow pools in the

sample frame for shrimp, gammarids, hooded shrimp, and fish

using the following formula: Di=Ni/(0.16×R), where Di is the

density of species i in a sample frame (ind/m2), Ni is the number

of species i in the sample frame, R is the proportion of the shallow

pool area in the sample station to the total area of the station (%),

and 0.16 is the sample frame area (m2).
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Sediment analysis

Sediment samples were obtained at 34 sampling stations,

although the sample from the most seaward station of the second

transect on the north side was lost. Therefore, 33 sediment

samples were analyzed. Sediment cores were collected from the

surface at a depth of 4 cm using a 2.3 cm diameter sampling tube

in the undisturbed area of each station, transported to the

laboratory, and stored at -20°C for further analysis. The pH of

the sediment was measured using a pH meter (Sartorius AG,

Gottingen, Germany) (according to the manufacturer’s

instructions). Sediment salinity was determined by measuring

the weight of the soluble salts (McAllister, 1958). The average

particle size of the sediment and distribution of sediment

particles of different diameters were measured using a

Mastersizer 2000 laser particle size analyzer (Malvern

Panalytical , Worcestershire, UK) (according to the

manufacturer’s instructions). The total organic carbon (TOC)

concentration in the sediment was measured using a FlashEA

1112 elemental analyzer (Thermo Fisher Scientific, Waltham,

MA, USA) (according to the manufacturer’s instructions).
Prey of Spoon-billed Sandpipers

The mudflats in the study area were visited regularly during

the overwintering period of Spoon-billed Sandpipers in 2019–

2022. The photographer visited the mudflats 30 times in each

overwintering period and spent an average of 6 hours to follow

the foraging Spoon-billed Sandpipers at each time.

Photographs of foraging birds were captured at a suitable

distance to avoid disturbance using a Canon 1DX Mark II

camera with a Canon EF 600 mm f/4L IS II USM lens (Canon

Inc., Tokyo, Japan). Eventually it took a total of 540 hours to

catch 15 different Spoon-billed Sandpiper individuals with prey

in their bills during the three overwintering periods. Prey were

identified from images, and their sizes were estimated by the

ratio of the prey to the length of the bird’s bill (22 mm

according to Wang et al., 2006). Note that the prey recorded

by the photographer were only the big visible ones, so the

methods are quiet bias towards big prey with long

handling times.
Data analysis

In this study, the sample size was determined to be sufficient

to adequately characterize arthropod taxa by plotting a species

accumulation curve. The composition of the mobile epibenthos

community in the study area was analyzed by combining both

density (number of individuals per unit area) and frequency of

occurrence (the proportion of samples in which a species
Frontiers in Marine Science 05
occurred among all samples). The dominance of a species was

calculated using the following formula: Yi = (Ni/N)×fi, where Yi

is the dominance of species i, Ni is the number of species i, N is

the total number of mobile epibenthos, and fi is the frequency of

occurrence for species i. A species was identified as dominant

when Y > 0.02.

Redundancy analysis (RDA) was used to analyze the

relationship between arthropod density and environmental

factors (sediment median particle size, TOC content, pH,

salinity, and distance from the seawall). Stepwise regression

was used to analyze the main environmental factors affecting

arthropod density. Pearson correlation analysis was used to

analyze the relationships between arthropod density and

environmental factors, and between the density of dominant

species and environmental factors.

Statistical analysis was preformed using SPSS Statistics

software and the results were plotted using the R Studio tool

in R software (R Core Team, Vienna, Austria).
Results

Sediment characteristics

The mean value of the median particle size of the sediment

samples was 64.0 ± 17.6 mm (N = 33) with a median particle size

ranging between 19.3-88.3 mm. The composition of the sediment

of all samples, from large to small particle size, was 10.7% fine

sand (particle size >125 mm and <250 mm), 61.7% very fine sand

(particle size >63 mm and <125 mm), 16.3% silt (particle size >4

mm and <63 mm), and 1.3% clay (particle size <4 mm). Therefore,

the sediments in the mudflats of Tujiao contained mixed sand

and mud substrates. The median particle size did not differ

significantly among sediment samples from sampling stations

located at different distances from the seawall (Figure 2).

However, 11 sampling stations in four transects on the south

side of the study area had relatively larger proportions of

sediment with a particle size < 2 mm (ranging between 1.1–

4.5%) and all sediment samples from these stations had a small

median particle size (ranging between 19.3–67.3 mm). The

average pH of all sediment samples was 8.2 ± 0.33, the average

salinity was 1.21 ± 3.36%, and the average TOC content was

0.21 ± 0.07%. Sediment pH, salinity, and TOC content did not

differ significantly at sampling stations located at different

distances from the seawall (Figure 2).
Food resources

A total of 58 macrobenthic species with an average density

of 257 ind/m2 were found in six transects in the Tujiao

mudflats of the Leizhou Bay (Table 3). A total of 15 species
frontiersin.org
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of mobile epibenthos were recorded, including 13 arthropod

species (one species of hooded shrimp, five species of

gammarid, one species of opossum shrimp, two species of

shrimp, and four species of crab) and two species of fish

(Table 4). The species accumulation curves of the dominant

arthropod taxa indicated that the sample size used in this study

was adequate (Figure 3). The density of mobile epibenthos in

shallow pools was 106 ind/m2, accounting for 41% of the total

benthos. The average length of each species was 1–7 mm, with

a length range of 1–19 mm, which were ingestible for Spoon-

billed Sandpipers (Table 4), except for Diogenes edwardsii, a

hermit crab that is unlikely to be food for Spoon-billed

Sandpipers as it hides in a heavy shell.

Three amphipod and cumacean species (Monoculodes

koreanus, Diastylis tricincta, and Grandidierella japonica) were

dominant among the mobile epibenthos collected, accounting

for 85% of mobile epibenthic animals recorded. Among them,

the average density of M. koreanus reached 48 ind/m2 and the

species was distributed in 79% of the sampling stations, while the

average density of D. tricincta reached 27 ind/m2 and the species

was distributed in 70% of the sampling stations, and the average

density of G. japonica reached 15 ind/m2 and the species was

distributed in 64% of the sampling stations. Other species

(shrimp, crabs, and other amphipods) were less abundant and

had a relatively small distribution range. Among them, Philyra

olivacea, P. minuta, Alpheus pacificus, Neoxenophthalmus

obscurus, and Listriella curvidactyla were recorded in only 3%

of the sampling stations, while Archaeomysis kokuboi was

distributed in 33% of the sampling stations. The density of the

two fish species was 0.6 ind/m2 and their frequency of

occurrence in the sampling stations was 6%.
Frontiers in Marine Science 06
The distribution of these mobile epibenthos was

heterogeneous in the mudflats (Figure 4) and their density was

significantly greater on mudflats within 1 km of the seawall (126

animals/m2) than those beyond 1 km (69 animals/m2), with >

80% of mobile epibenthos distributed on mudflats within 1 km

of the seawall.
Prey of Spoon-billed Sandpipers

Photographs of 15 different individual Spoon-billed

Sandpipers with clear prey items were obtained (Table 5).

Among them, six birds had been previously banded in

breeding, migratory, and wintering grounds. The food sources

included shrimp (10/15, 66.7%), fish (3/15, 20.0%), and crabs (2/

15, 13.3%) (Figure 5, also see Appendix). The average sizes of the

shrimp, fish, and crab were 28 mm (N=10), 30 mm (N=3), and
TABLE 3 Number of species, average density and the percentage
of different marobenthic groups in mudflats of Tujiao in
December 2020.

Group Number of
species

Density (ind/
m2)

Percentage*

Bivalves 20 49 19%

Gastropods 22 102 40%

Arthropods 13 105 41%

Fish 2 0.6 0.2%

Echinoderms 1 0.2 0.07%
*Percentage of the total number of macrobenthos.
FIGURE 2

Median particle size (D50), pH, salinity, and total organic carbon (TOC) content of sediment samples. * symbol represents the extreme value in
the data.
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15 mm (N=2), respectively, while the total average prey size was

27 mm (N=15).
Discussion

Food resources

The mixed sand and mud substrates of the Leizhou mudflats

are consistent with those in the preferred foraging sites of Spoon-

billed Sandpipers in other overwintering areas (Burton, 1971; Bird

et al., 2010; Chowdhury et al., 2017; Kelly et al., 2017; Aung et al.,

2022). More than half of the mudflat surface in the study area was
Frontiers in Marine Science 07
covered by shallow pools at low tide and the rest of the area was

also very wet. Small arthropods were widely and abundantly

distributed in the Tujiao mudflats in winter. Interestingly, one

small crab species (2-7 mm in length) is abundantly and evenly

distributed in the mixed sand and mud substrates of the Gulf of

Mottama, the world’s most important wintering site for Spoon-

billed Sandpipers (Aung et al., 2022). As the second most

important wintering site for Spoon-billed Sandpipers in the

world at present, the mudflat shallow pools of Leizhou Bay in

winter contained 13 arthropod species (1–19 mm in length) with

an average density of 105 ind/m2, which was less dense than the

small crabs in the Mottama mudflats in winter (approximately

181 ind/m2), but relatively more dense than the winter benthos of
FIGURE 3

Species accumulation curve of arthropods.
TABLE 4 Mobile epibenthic species in mudflat shallow pools.

Phylum Order Species Density (ind/m2) size range (mm) Frequency of Occurrence (%) Dominance

Arthropoda Amphipoda Monoculodes koreanus 48 2–6 (N = 193) 79 0.3560

Cumacea Diastylis tricincta 27 2–5 (N = 104) 70 0.1762

Amphipoda Grandidierella japonica 15 1–5 (N = 55) 64 0.0924

Mysida Archaeomysis kokuboi 6 5–18 (N = 19) 33 0.0186

Decapoda Ogyrides striaticauda 3 4–13 (N = 12) 24. 0.0069

Amphipoda Monocorophium
acherusicum

3 2–6 (N = 15) 18 0.0050

Decapoda Diogenes edwardsii 2 5–10 (N = 7) 15 0.0028

Amphipoda Melita koreana 0.6 3–4 (N = 3) 6 0.0003

Decapoda Philyra olivacea 0.2 4 (N = 1) 3 0.0001

Decapoda Philyra minuta 0.2 2 (N = 1) 3 0.0001

Decapoda Alpheus pacificus 0.2 11 (N = 1) 3 0.0001

Decapoda Neoxenophthalmus obscurus 0.2 3 (N = 1) 3 0.0001

Amphipoda Listriella curvidactyla 0.2 4 (N = 1) 3 0.0001

Chordata Pleuronectiformes Cynoglossus gracilis 0.3 13 (N = 1) 3 0.0001

Scorpaeniformes Platycephalus indicus 0.3 19 (N = 1) 3 0.0001
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coastal mudflats in four other overwintering areas of southern

China (Huang et al., 2002; Lin, 2003; Huang, 2010; Xia, 2015; State

Oceanic Administration, 2016; Tang et al., 2019).
Environmental factors affecting
arthropod distribution

The RDA results showed that among abiotic factors, median

particle size, TOC content, and distance from the seawall had a
Frontiers in Marine Science 08
greater effect on arthropod density, whereas sediment pH and

salinity had a smaller effect on arthropod density (Figure 6).

Among biotic factors, the presence of bivalves and gastropods

had a smaller effect on arthropod density, with bivalves having a

slightly greater effect on arthropod density than gastropods.

Among environmental variables, median particle size was

negatively correlated with sediment pH, salinity, and TOC

content as well as distance from the seawall, while the rest of

the variables were positively correlated. Spearman’s correlation

analysis showed that arthropod density was significantly and

negatively correlated with distance from the seawall (p<0.05).

Among environmental variables, sediment pH and salinity were

significantly and negatively correlated (p<0.05), while TOC

content and median particle size were significantly and

negatively correlated (p<0.05). Furthermore, sediment pH was

significantly and positively correlated with distance from the

seawall (p<0.05). Sediment salinity was significantly and

positively correlated with TOC content (p<0.05), but

significantly and negatively correlated with median particle

size (p<0.05). Sediment TOC content was significantly and

negatively correlated with median particle size (p<0.05).

Among all environmental factors, the results indicated that

only distance from the seawall had a significant impact on the

distribution of arthropods; that is, the closer to the seawall,

the greater the density of arthropods. It is possibly because of the

longer exposure of shallow pools near the seawall, resulting in a

more adequate food supply (Ysebaert et al., 2005; Choi et al.,

2010). Moreover, mangrove forests grow in abundance near the

seawall may provide released minerals, nutrients, and bacterial

production to support the benthos community in the adjacent
TABLE 5 Prey of spoon-billed sandpipers.

Bird No. Date Prey Prey size (mm)

1 2019/11/24 shrimp >22

2 2019/12/17 crab 10

3 2019/12/21 crab 19

4 2019/12/21 shrimp 27

5 2019/12/21 shrimp 35

6 2019/12/21 shrimp 31

7 2020/11/6 fish >34

8 2020/11/16 fish >20

9 2020/11/18 shrimp 27

10 2021/4/4 shrimp 34

11 2021/11/5 shrimp 27

12 2021/11/10 fish 38

13 2021/11/10 shrimp 22

14 2021/11/15 shrimp 27

15 2022/4/3 shrimp 27
FIGURE 4

Density distribution of mobile epibenthos.
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mudflats (Wolff et al., 2000; Koch and Wolff, 2002; Henriques

et al., 2021; Meijer et al., 2021). Additionally, mangrove forests

are rich in diatoms (Reyes-Vasquez, 1975; Du and Jin, 1983;

Chen, 2004), which may provide a rich food source for mudflat

surface-dwelling arthropods (Leh and Sasekumar, 1985; Marples

et al., 1988; Wah and Wee, 1988; Vicente, 1990).
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Prey of Spoon-billed Sandpipers

Spoon-billed Sandpipers in the study area fed on shrimp,

crabs, and fish, which are all highly mobile benthos and thus the

focus of this study. Among them, shrimp was the main food

resource. The sizes of all prey in the images were larger than the

bill length of Spoon-billed Sandpipers, but less than twice their

bill length. Previous researchers have observed Spoon-billed

Sandpipers foraging mainly in mud pools or shallow water

pools in mudflats, but catching prey was not observed most of

the time (Jahn, 1942; Piersma, 1986; Kelly et al., 2017; Aung

et al., 2022; Z Liu and DM Li 2022, personal communication). In

the current study, Spoon-billed Sandpipers were extensively

followed over three winters in the study area, and only

occasionally photographed feeding on this larger prey. Based

on the total of 540 hours tracking foraging birds and only 15

individual prey caught, the average hours to catch one big prey

was 36 hours. Researchers in the Tiaozini mudflats (Yancheng,

Jiangsu Province) during migration season and in the Xichang

mudflats (Hepu, Beihai, Guangxi Province) during the non-

breeding period reported similar findings (Kelly et al., 2017; Z

Liu and DM Li 2022, personal communication). Most prey that

the above researchers witnessed were also larger shrimp

(normally larger than bill length). Therefore, we hypothesized

that Spoon-billed Sandpipers likely feed primarily on smaller

benthos in shallow pools.

In addition, previous studies have suggested that Spoon-

billed Sandpipers and spoonbills (Platalea) share many

similarities, such as mouth shape, dense Herbst corpuscles in

their bills, and certain specific foraging methods (e.g., open

mouth scanning in liquids such as water or pulpy mud, and

preferring to scan for food in small groups), and spoonbills are
FIGURE 6

Redundancy analysis results of the relationship between arthropod density and environmental factors.
FIGURE 5

Photographs of Spoon-billed Sandpipers foraging in mudflats of
Leizhou Bay.
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known to feed on animals that escape easily in the water (Burton,

1971; Piersma, 1986; van de Kam et al., 2004; Bird et al., 2010;

Kelly et al., 2017). Spoon-billed Sandpipers forage in liquids on

the surface of mudflats by sweep-stitching (Kelly et al., 2017;

Aung et al., 2022), suggesting that their targets are likely

escaping prey living in water or sloppy mud.

In summary, we hypothesize that arthropods living in tidal

pools, sloppy mud, and shallow water in mudflats are likely the

main prey of Spoon-billed Sandpipers in non-breeding areas in

China. The preference of Spoon-billed Sandpipers for feeding

grounds with mixed sand and mud substrates is likely because

these sediment characteristics help the birds to successfully

capture slippery mobile epibenthos, which are best caught by

their unique bills (Kelly et al., 2017).
Conservation implications

Degradation, pollution, and human activities at important

staging and wintering sites along the migration route are

considered to be important factors that negatively affect the

population of Spoon-billed Sandpipers (Peng et al., 2017).

Since 2018, with the cessation of large-scale coastal

reclamation, the invasion of S. alterniflora has gradually

become one of the main threats to coastal mudflats in China.

The rapid spread of this stubborn plant species has accelerated

the degradation and disappearance of intertidal mudflats

(Wang et al., 2006; Lin et al., 2015; Okoye et al., 2020; Zeng

et al., 2020). Although the expansion of this invasive plant is

not as severe in the wintering grounds of Leizhou as in

southern Jiangsu, the most important staging area for Spoon-

billed Sandpipers in the world, managing S. alterniflora growth

in Leizhou and Hepu is imperative (Choi et al., 2022; RJ Sun

2022, personal communication).

In addition, the impact of artificial mangrove expansion on

intertidal mudflats in the coastal areas of southern China is

another concern for Spoon-billed Sandpiper conservation. The

mangroves in the East Asian-Australasian Flyway account for

45.6% of the total global mangrove area (Giri et al., 2011). The

dense vegetation of mangroves often acts as a barrier to

shorebird foraging, resulting in the loss of suitable habitats

(Zwarts, 1988; Choi et al., 2017). The restoration of mangrove

forests in many parts of mainland China since the last century

has led to a continuous increase in mangrove area, and some

important waterbird habitats have been affected, including on

the Leizhou Peninsula. Thus, mangroves are likely to have an

impact on the largest wintering population of Spoon-billed

Sandpipers in China (Choi et al., 2022). The potential negative

impact of mangrove restoration on shorebirds needs to be

carefully monitored and assessed to balance both mangrove

and waterbird conservation, thus controlling the harmful
Frontiers in Marine Science 10
expansion of mangroves when necessary to protect the

biodiversity of coastal areas under the premise of diversification.

To date, a paucity of winter benthos data has been reported

in important and potential habitats of Spoon-billed Sandpipers

in China, and no targeted and systematic investigations have

been conducted. We hope that the current study will inspire

researchers to further explore the diet and status of food

resources of Spoon-billed Sandpipers in critical habitats. The

following aspects warrant further research: (1) comprehensive

and in-depth analysis using environmental DNA and isotopes to

determine the diet of Spoon-billed Sandpipers in various

habitats in order to more accurately assess and monitor the

quality of their foraging habitats (Penning et al. MS 2); (2)

applying the sampling method used in this study to other

foraging sites of Spoon-billed Sandpipers to obtain more

accurate data on benthos; (3) comprehensive measuring of

environmental factors associated with potential food resources

of Spoon-billed Sandpipers, especially variables related to mobile

epibenthos in shallow pools, in order to identify key factors

influencing the potential food resources of Spoon-billed

Sandpipers. Acquiring this knowledge will fill a crucial

knowledge gap, which is urgently needed to protect important

habitats and facilitate the conservation of Spoon-billed

Sandpipers (Aung et al., 2022).
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