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ARTICLE INFO ABSTRACT
Keywords: The global expansion of human activities has led to a dramatic reduction in natural wetlands. While effectively
Artificial wetlands managed artificial wetlands hold the potential to counteract this decline, there is often a lack of knowledge

China’s coast

Food | regarding how to enhance their value for wildlife. To bridge this gap, we studied one of the world’s largest
ood supply

Habitat management saltworks in the Yellow Sea, China. This region has experienced significant natural wetland losses, resulting in

Saltpans marked declines in waterbird populations across the East Asian-Australasian Flyway (EAAF). Our research

Shorebirds examined the impact of biotic factors such as prey abundance, and abiotic factors including water depth and

Water depth management practices of saltpans, on the distribution of foraging shorebirds, as well as other waterbirds.
Findings reveal that shorebirds, accounting for 95% of all waterbirds, heavily utilize saltpan evaporation ponds.
Although various factors affect the distribution of shorebirds and other waterbirds, water depth and abandoned
ponds (with low water depth) emerged as the primary factors. Notably, prey biomass (and abundance) did not
exhibit a significant correlation with bird distribution across all shorebirds and other waterbirds, indicating that
prey accessibility is more crucial than biomass in determining habitat suitability in these saltpans. Based on these
insights, we propose tailored management strategies for the Yellow Sea saltpans that enhance conditions for
shorebirds without impeding salt production, including lowering water levels through modifications to pond
structures and reducing the volume of water evaporated during each stage of production. These straightforward,
bird-friendly strategies provide practical solutions for adapting artificial wetlands to support migratory water-
birds in the EAAF and offer valuable insights for global waterbird conservation.

1. Introduction loss is especially severe in densely populated coastal regions, where
human expansion has led to the widespread loss of natural wetlands

With the expansion of global human activities, natural habitats are (O’Hara et al., 2021). Over the past 20 years, nearly 20% of natural tidal
increasingly declining, significantly threating biodiversity and wetlands have been lost globally, mainly transformed into urban areas,
ecosystem stability (Diaz et al., 2019; Fluet-Chouinard et al., 2023). This industrial zones and artificial habitats (Murray et al., 2022). These
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changes have negatively impacted wildlife, particularly species that rely
on tidal wetlands for refueling and breeding (Piersma et al., 2016;
Studds et al., 2017; Li et al., 2018). Consequently, artificial wetlands
have become increasingly important alternative habitats, serving as one
of the most crucial refuges for lots of wildlife (Cheng et al., 2022).

Despite an increase in the availability and extensive coverage of
man-made wetlands (Davidson et al., 2018), artificial wetlands often do
not necessarily fully substitute all the ecological functions of the natural
habitats which they replace (Bellio et al., 2009; Cheng et al., 2022). This
underutilization may be because artificial wetlands are often designed
primarily to meet human needs, lacking some functions that natural
wetlands can provide (Bellio et al., 2009; Fan et al., 2021). Therefore,
effective management of artificial wetlands is critical for wildlife con-
servation (Velasquez, 1992). As a key supplement to wetland restora-
tion, proper management of artificial habitats can create more suitable
environments for wildlife at a lower cost and on a larger scale (Seaman,
2007; Jackson et al., 2020). This approach aligns with the Ramsar
Convention’s wise-use principles, which advocate for sustainable
wetland management (Ramsar Convention Secretariat, 2010). Although
restoring natural wetlands to their original state is ideal, managing
artificial wetlands specifically for conservation purposes provides a
more practical and scalable solution, underscoring the importance of
these efforts (Liu and Ma, 2024).

Saltpans, which are widely distributed artificial wetlands in coastal
regions, serve as particularly important alternative habitats for migra-
tory shorebirds (Warnock et al., 2002; Jackson et al., 2020; Green et al.,
2015). The wildlife benefits of these habitats, primarily used for salt
production, generally do not conflict with human financial interests,
making them ‘easy’ substitutes for rapidly diminishing natural coastal
wetlands (Masero, 2003; Sripanomyom et al., 2011; Lei et al., 2018;
Barnagaud et al., 2019; Jackson et al., 2020; Lei et al., 2021). This is
especially relevant in the East Asian-Australasian Flyway (EAAF), where
waterbird (especially shorebird) populations have experienced dramatic
declines due to extensive habitat loss in the Yellow Sea, the key refueling
area of the EAAF (Piersma et al., 2016; Studds et al., 2017). More than
65% of natural coastal wetlands were converted into artificial land-
scapes in the past 60 years (Murray et al., 2014; Wang et al., 2021).
Despite the extensive size and high abundance of brine fly, brine shrimp
and chironomid larvae which are high quality food for shorebirds (Lei
et al., 2018), they still primarily forage on natural mudflats where food
abundance is limited (Jackson et al., 2020; Peng, 2024). Understanding
what factors limit shorebird use of saltpans in the Yellow Sea is neces-
sary for science-based conservation efforts.

Previous studies indicate water depth emerged as the most critical
factor influencing shorebird distribution in the saltpans (Sripanomyom
et al., 2011; Green et al., 2015). Unlike natural tidal wetlands, which
experience regular tidal fluctuations that periodically expose food re-
sources for foraging shorebirds (Velasquez, 1992; Bellio et al., 2009),
artificial wetlands often maintain high water levels to support aqua-
culture or water storage (Cheng et al., 2022). Although deeper water
may offer greater food biomass, most shorebirds are unable to swim, and
even those that can are generally reluctant to feed while swimming,
preferring to avoid deeper waters (Ntiamoa-Baidu et al., 1998). How-
ever, the effects of both water depth and food biomass on shorebirds’
foraging in saltpans have never been examined together, and our un-
derstanding of their roles remains limited.

Here, we examined how biotic and abiotic factors affected the use of
Nanpu Saltpans by shorebirds and other waterbirds. Situated in the
Yellow Sea, China, it is one of the world’s largest coastal saltworks (Lei
et al., 2018). Factors included prey abundance - the most basic need for
survival (Piersma, 2012), salinity, saltpan management practices and
water depth, which influence the food accessibility for shorebirds
(Velasquez, 1992). This research aims to provide essential insights into
management practices that could enhance the ecological value of salt-
pans for refueling shorebirds in the Yellow Sea. The outcomes of this
study will contribute to a broader understanding of how artificial
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wetlands can be optimized to support wildlife populations and will offer
practical recommendations for integrating artificial wetland manage-
ment into global wetland restoration and conservation strategies.

2. Methods
2.1. Study area

The Nanpu Saltpans, covering an area of 290 km?, are located in
northern Bohai Bay (39°3-12'N, 118°8-28'E), beside the Caofeidan
Wetland Natural Reserve. This wetland system also includes adjacent
tidal flats, which cover an additional 57 km?, as well as other anthro-
pogenic supratidal habitats, such as aquaculture ponds used for shrimp
and fish production (Fig. 1). Our research covered a small part of the
saltworks, an area of 33.4 km? (Fig. 1). Similar to other industrial salt-
pans, the Nanpu Saltpans consist of interconnected shallow pans of
varying sizes, separated by dikes and categorized into three types: (1)
storage ponds, (2) evaporation ponds and (3) crystallization ponds.
Seawater is initially drawn into the storage ponds during the rising tide,
then circulated through a series of evaporation ponds via water pumps
until it reaches numerous small crystallization ponds (Masero, 2003). As
the water moves from the storage ponds to the crystallization ponds, its
salinity progressively increases, following a southeast to northwest
gradient according to the layout designed for salt production (Fig. 1).
Storage ponds typically hold large volumes of seawater for subsequent
processing, while crystallization ponds, due to their extreme salinity, are
inhospitable to most organisms. Evaporation ponds, on the other hand,
with their shallower water and higher biomass, are frequently utilized
by waterbirds (Lei et al., 2018). This study focuses specifically on the
ecological role of evaporation ponds.

We assessed waterbirds distribution across two types of evaporation
ponds, categorized by their management practices: (1) active ponds (n
= 14), with water depths ranging from 15 to 60 cm, used for salt pro-
duction typically have a deeper water level; and (2) temporarily aban-
doned ponds (n = 4), with water depths <20 cm (range from 0 to 20),
consistently providing shorelines for shorebirds, except when
completely dry. Temporarily abandoned ponds comprised approxi-
mately 24% of the total area examined in this study.

2.2. Waterbird surveys

From early April to early June 2014-2016 we conducted daytime
counts of waterbirds during both low and high tide periods. Foraging
and roosting individuals were differentiated, with roosting birds
excluded from the numbers used for analysis in this study (Lei et al.,
2021). High tide counts were typically performed within one or two days
following the low tide counts. In total, 60 bird surveys were completed,
with 32 occurring during high tide and 28 during low tide. Each survey
was conducted using the accessible network of unpaved roads, either by
car or on foot (for further details, see Lei et al., 2021). Counting
commenced three hours before the respective tide (high or low) and was
completed within six hours. During the survey, we recorded bird
movements between ponds, and when finalizing the bird count, we
removed these repeat data. The maximum number of waterbirds
recorded in saltpans during northward migration were 96,000, with 23
waterbird species surpassing 1% of their estimated flyway populations
(Lei et al., 2018). Most birds that foraged on the intertidal mudflats at
low tide and roosted on pond banks during high tide (Hassell et al.,
2013) were excluded from the analysis.

2.3. Biotic and abiotic variables

In parallel with waterbird counts, macroinvertebrates were sampled
within the same ponds, albeit with a lower frequency. Each pond was
sampled between one to three times from early April to early June. The
ponds varied in size, ranging from 0.3 to 7.6 km?, and depending on the
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Fig. 1. Study site of Nanpu Saltpans. (a) The location (red rectangle) of Nanpu Saltpans in the Yellow Sea. (b) Map of the Nanpu Saltpans. Waterbirds and mac-
robenthos were surveyed in abandoned ponds and active ponds of evaporation ponds in the main study area (bright red polygon). Green area presents the Caofeidian

wetland natural reserve, light yellow areas represent crystallization ponds, dark

blue areas represent storage ponds, light red areas represent evaporation ponds. (For

interpretation of the colour references in this figure legend, please refer to the web version of this article.)

pond’s size, 4 to 12 sampling locations were established. At each sam-
pling site, three cores were extracted using a PVC cylindrical corer with
a 10.4 cm diameter, spaced 2 to 30 m apart. The precise locations of
these cores were recorded with a handheld GPS device (Garmin 62 s,
Garmin Ltd.).

Each core contained both the sediment core and the overlying water
column. The height of the water column depended on the water depth of
the sampling site, and therefore, there was no water column when the
water depth was zero. Sediment cores were extracted to a maximum
depth of 20 cm, corresponding to the deepest foraging reach of large
shorebirds (Zwarts and Wanink, 1993). In areas with harder sediment,
the sediment core depth was occasionally reduced. The sediment was
sieved through a 0.5 mm mesh to retain macroinvertebrates. The over-
lying water column was separately sieved through a 150-pm mesh to
estimate brine shrimp abundance. All invertebrates were preserved in
75% ethanol for subsequent identification and biomass measurement.
Following sampling, water depth and salinity were recorded; water
depth was measured to the nearest centimeter with a long ruler, and
salinity was determined using a refractometer (range 0-30, accuracy
0.2%).

All individual invertebrates were identified to the genus level, and
their body lengths were measured. Intact invertebrates (brine shrimp,
chironomid larvae, and brine fly larvae) were selected to build the
equation between length and dry mass and ash-free dry mass (AFDM). In
each length range (1 cm), 3-10 samples (each containing 1-30 in-
dividuals) were used. Before drying the sample, the aluminum foil cups
were dried in a 500 °C muffle furnace for 3 h to avoid the influence of
high temperature on cup weight. Samples were then dried at 60 °C for
12 h to obtain their dry weight, and burned at 500 °C muffle furnace for

3 h to obtain their ash weight. AFDM was obtained by subtracting the
ash weight from the dry weight. A linear equation was built between the
log of length (L) (in mm) and log of AFDM (in mg), log(AFDM) =a + b x
log(L) (where a is the mean intercept, and b is the mean slope). In each
experiment, an empty cup was filled with water as a blank control. Brine
fly pupa, with small variations of body length (4.2-10.2 mm) were only
given their mean weight, with each sample containing 1-5 individuals.
Biomass equations (ash-free dry mass, AFDM) were developed for brine
shrimp (Artemia sp.), chironomid larvae (Chironomus sp.), and brine fly
larvae (Ephydra sp.). Brine fly pupae were averaged to determine
biomass. These four prey categories accounted for 99% of the prey
items. The abundance of invertebrates was expressed as biomass density
(mg/mz).

2.4. Data analysis

Independent t-test was used to analyze whether there are differences
in water depth among the saltpans with two different management
methods. Since water depth may influence prey biomass, linear regres-
sion was used to separately analyze how the potential food biomass (Y-
axis) varied with water depth (X-axis) in each of the two types of ponds.

To elucidate the potential biotic and abiotic factors influencing
habitat utilization by shorebirds, and because many species have low
abundances, the distribution of these rare species may affect the model’s
analysis and interpretation, we classified bird species into six distinct
categories based on body size, feeding style, swimming ability, and other
ecological traits (Ntiamoa-Baidu et al., 1998; Lei et al., 2021): 1) Tactile
surface-foraging shorebirds use their bills to probe for prey in the mud or
sand, such as Curlew Sandpiper; 2) Visual surface-foraging shorebirds
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rely on their sight to capture visible prey on the surface, such as Kentish
Plover; 3) Pelagic-foraging shorebirds hunt over open water, using both
visual and tactile cues to capture prey, such as Pied Avocet; 4) Small
shorebirds (< 20 cm in body length) are agile and often forage for small
invertebrates in coastal habitats, such as Red-necked Stint; 5) medium-
large shorebirds (> 20 cm) are better suited to foraging in more chal-
lenging environments due to their larger size, such as Black-tailed
Godwit; 6) Swimming waterbirds, forage by swimming in water, using
visual and tactile senses to detect prey like fish and crustaceans, such as
Ducks (Table S1).

To explore the relationship between bird abundance and environ-
mental variables, we employed a Generalized Linear Mixed Model
(GLMM) with a negative binomial distribution and a log link function to
account for overdispersion in the data. In our analysis, the bird density
response variable originates from aggregated count data. Specifically,
bird counts were summed across survey units and subsequently rounded
to the nearest integer, effectively maintaining the discrete nature of the
data. Considering the significant overdispersion and the prevalence of
zero counts (23% of total counts) within our dataset, the negative
binomial distribution proves particularly suitable. Given that the survey
ponds are geographically adjacent, we incorporated spatial autocorre-
lation into the GLMM using the ‘sdmTMB’ package (Anderson et al.,
2024), which is specifically designed for spatio-temporal models with
the inclusion of spatial random effects.

Before constructing the model, numeric explanatory variables were
centered and scaled to standardize their influence. Collinearity among
covariates was assessed using the ‘pairs’ function in R, and variance
inflation factors (VIF) were calculated with the ‘corvif’ function from the
‘HighstatLibV4.R’ file (Zuur et al., 2013). The centroid coordinates of
each pond were converted to UTM format (km) for the evaluation of
spatial autocorrelation in the model.

In the ‘sdmTMB’ models, we defined the mesh for the spatial model
with a cutoff distance of 1 km. The response variable was bird density,
analyzed for all shorebirds, total species richness, and six categories
separately. Covariates included water depth (cm), salinity (%), pond size
(kmz), and food density. Fixed effects were management method (two
levels: temporarily abandoned, active ponds) and tidal phase (high tide
vs. low tide). Random effects included pond ID and year, while daily
average temperature was treated as a smooth term (detailed descriptions
of fixed and random effects are provided in Table 1). For food density,
we separately modeled the effects of food abundance and food biomass
as response variables, recognizing that these may have distinct effects on
bird distribution.

Full models were constructed and reported for all waterbirds, total

Table 1
Description of response variables in models predicting waterbirds density or
species richness.

Variables Description Mean Range
+sd
Salinity (%) Water salinity of 9.5+ 4.4-26.0
pond 3.8
Water depth (cm)  Water depth of pond 15.4 + 0-53.0
11.4
Pond size (km?) Area of pond surface 1.95 + 0.29-7.60
1.89
Biomass density Mean biomass 1799 + 1-19,220
(mg/m?) density of prey in 3686
each pond
Food abundance Mean density of prey 3114 + 52-15,115
(ind. /m?) in each pond 3659
Year Research year - 2014, 2015, 2016
Temperature (°C) Daily average 18.4 + 10.4-26.1

temperature 4.1

Pond ID Name of 18 ponds - -
Management Saltpans operation - Active ponds (14),
method methods Temporarily abandoned

pond (4)

Biological Conservation 306 (2025) 111100

species richness, and the six categories separately. If a model failed to
converge, predictors were removed based on recommendations from the
‘sanity’ function in the ‘sdmTMB’. Predictor variables with 95% confi-
dence intervals (CIs) that did not include zero were considered biolog-
ically significant (Grueber et al., 2011).

All statistical analyses were conducted using RStudio (v1.4.1106)
and R (v4.4.2; RStudio Team, 2022), with mapping performed in QGIS
for Windows (v3.20.3).

3. Results

Over 60 surveys between 10 April and 4 June 2014-2016, a total of
441,690 waterbirds were recorded, 95% of which were shorebirds. The
mean density of all waterbirds was 1095 ind/km? (range: 0-27,710),
tactile surface-foraging shorebirds was 650 ind/km? (range: 0-27,641),
visual surface-foraging shorebirds 30 ind/km? (range: 0-2481), pelagic-
foraging shorebirds 309 ind/km? (range: 0-9642), small shorebirds 216
ind/km? (range: 0-5338), medium-large shorebirds 776 ind/km?
(range: 0-22,372), and swimming waterbirds 90 ind/km? (range:
0-2898).

Based on all the 782 samples collected (744 with both water column
and sediment, 38 with only sediment), there were 17,544 invertebrates,
in which, brine shrimp accounted for 28.3%, chironomid larvae for
28.0%, brine fly pupae for 26.2%, brine fly larvae for 16.7%, brine fly
adult for 0.3%, and other invertebrates for 0.5% respectively. Excluding
the latter, the different prey categories made the following contribution
to total AFDM: brine shrimp 8.2%, chironomid larvae 8.7%, brine fly
larvae 16.4%, brine fly pupae 66.0 %, and brine fly adults 0.7% (Fig. 2a).
Considerable variation in abundance density and biomass density was
observed among ponds, with a mean abundance density of 3114 + 3659
ind. /m?, ranging from 52 to 15,115 ind. /m?, biomass density of 1799
+ 3686 mg AFDM /m?, ranging from 1.3 to 19,220 mg /m>.

There were significant differences in water depth among the two
types of pond management: temporarily abandoned ponds < active
ponds (Fig. 3a). The water depth in temporarily abandoned ponds was
<15 cm (6.9 £ 5.7 cm), whe reas the average depth in the active ponds
exceeds 20 cm. The prey biomass increased significantly with increasing
water depth across all types of ponds (Fig. 3b).

Overall, GLMM models indicated that water depth and management
strategy emerged as the most influential factors affecting total waterbird
density, species richness, and bird density of six categories, especially
for all shorebird categories (Fig. 4; marginal R? of models range from
0.26 to 0.54, conditional R? of models range from 0.356 to 0.690, see
Table 2 for detailed). In contrast, food biomass had no significant effect
on the density or species richness of any category. Bird densities and
species richness across all categories decreased with increasing water
depth, with the exception of swimming waterbirds (which showed no
significant trend). All bird categories, except for swimming waterbirds,
were more likely to select abandoned ponds over active ponds, although
tactile surface-foraging shorebirds, and medium-large shorebirds did not
show a significant preference. Waterbirds exhibited a marked preference
for foraging in evaporation ponds with lower salinity, although several
categories (visual surface-foraging shorebirds, small shorebirds) showed
no significant trend. Larger pond areas were associated with lower bird
densities but higher species richness (not significant). Additionally, bird
density and species richness were significantly higher at high tide than
low tide for total waterbird density, visual surface-foraging shorebirds,
and swimming waterbirds, while no significant differences were
observed for other categories. When food biomass density was replaced
by food abundance density as an independent variable, the results
remained consistent: water depth and management strategy continued
to be the dominant factors influencing waterbird densities and species
richness, while food abundance had no significant effect on all cate-
gories (Fig. S1; marginal R? of models range from 0.26 to 0.53, condi-
tional R? of models range from 0.36 to 0.69, see Table 2 for detailed).
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Fig. 2. The total abundance of birds and prey in Nanpu Saltpans. (a) the total biomass of four prey types collected in Nanpu Saltpans. (b) The total numbers of six
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factors. (a) Water depth in abandoned ponds and active ponds. (b) The rela-
tionship between prey biomass and water depth. “***” in panel (a) represents p
< 0.001, solid lines in panel (b) represent p < 0.001.

4. Discussion

Our study reveals that shorebirds comprise most of the recorded
waterbirds within the saltworks. To our surprise, the distribution of
foraging shorebirds was not correlated with prey abundance but mainly
correlated with abiotic factors that affect prey accessibility, particularly

water depth. Prey abundance is undoubtedly a key factor in determining
habitat suitability (White, 2008; Piersma, 2012), a relationship well-
established in studies on natural mudflats. In these environments, prey
abundance—often closely aligned with the availability of harvestable
prey—typically emerges as the primary factor correlated with shorebird
habitat use (e.g., Piersma, 2012; Duijns et al., 2015; Zhang et al., 2019;
Cai et al., 2024). However, our results indicate that in Nanpu Saltpans
where most ponds were covered by deep water, water depth limits
shorebirds’ ability to access abundant prey. Consequently, prey acces-
sibility, rather than mere abundance, emerges as the key determinant of
shorebird distribution within these artificial wetlands in the Yellow Sea.

In natural wetlands, conservation efforts often focus on enhancing
food abundance and biomass to provide more resources for birds, pri-
marily due to the ongoing decline in biomass in the Yellow Sea region’s
wetlands, rather than limitations on birds’ access to food on mudflats
(Zhang et al., 2018; Peng et al., 2024). In contrast, our study found that
while food abundance and biomass are high at Nanpu Saltpans, the deep
water in the ponds prevents birds from accessing the available food
resources. Thus, improving the accessibility of existing food in saltpans
is a more pressing priority than increasing food abundance. To optimize
the conservation value of artificial saltpans, management practices
should maintain water levels suitable for migratory shorebirds. Shallow
water habitats within saltpans can significantly enhance their utility as
foraging grounds. However, effective management must balance these
ecological considerations with the operational requirements of salt
production (Green et al., 2015). Given the relatively flat topography of
saltpans, maintaining excessively low water levels can reduce total
water volume, potentially disrupting salt production and hampering the
growth of brine shrimp, a critical food source for shorebirds.

Here, we propose two potential management schemes that do not
interfere with normal salt production efficiency, while keeping lower
water levels throughout the productions cycle in evaporation ponds,
based on the design and management strategies outlined by Rehfisch
(1994) for lagoons, and taking into account the operational needs of the
Nanpu Saltpans. First, we recommend restructuring the saltpans by
creating evaporation ponds with gradient depths (a sloped or terraced
bottom) to ensure the presence of shallow areas (<15 cm) throughout
the evaporation process (Fig. 5a, Management Scheme 1). This scheme
can reduce the long-term costs of water depth management by ensuring
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(c) Visual surface foraging shorebirds (d) Pelagic foraging shorebirds
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not crossing zero. The red bars indicate the significant influence of the variable, grey bars indicate non- significant. (For interpretation of the colour references in this

figure legend, please refer to the web version of this article.)

Table 2
marginal R? and conditional R? of model result.

Model Food biomass density as Food abundance as fixed
fixed factor factor
marginal conditional marginal conditional
R? R? R? R?
Total bird density 0.31 0.36 0.31 0.36
Species richness 0.26 0.36 0.26 0.36
Tactile 'surface- ' 0.30 0.40 0.30 0.40
foraging shorebirds
Visual surface- 0.54 0.69 0.53 0.69
foraging shorebirds
Pelagic-foraging 0.39 0.45 0.37 0.44
shorebirds
Small shorebirds 0.32 0.44 0.31 0.47
Medium-large 0.33 0.43 0.33 0.43
shorebirds
Swimming 0.52 0.52 0.53 0.53
waterbirds

that there are always areas available for shorebird use in the pond, but it
requires a high initial investment for restructuring. Second, we suggest
dividing one current evaporation cycle into multiple sub-cycles,
reducing the volume of water evaporated at each evaporation cycle to
maintain water depths accessible to shorebirds, while still supporting
salt production (see Fig. 5a Management Scheme 2). This scheme saves
the cost for pond restructuring, but increase in routine operations by
introducing additional water channeling operations. These approaches

keep the overall water volume and surface area in the evaporation
process, ensuring evaporation at a similar rate while creating essential
shallow foraging zones and preserving access to abundant food re-
sources for shorebirds. In the Nanpu Saltpans, since other pond types do
not provide adequate food for shorebirds, these management schemes
will mainly focus on the evaporation ponds (pink areas in Fig. 5b). With
a total of 153 km? of evaporation ponds available (accounting for 52% of
the total area of Nanpu Saltpans), effective management could provide
foraging habitats that far exceed the natural mudflat area (57 km?)
currently available to shorebirds.

Moreover, temporarily abandoned ponds, which naturally feature
lower water levels during migration, have proven crucial for tactile
surface-foraging species such as Curlew Sandpipers and Red-necked
Stints (this study, Lei et al., 2021). These ponds were abandoned by
producers due to disturbances from local residents during our study, but
this abandonment, which adversely affected salt production, meant they
did not persist for long. We recommend that if any abandoned salt ponds
remain, it is essential to maintain consistently low water levels to pre-
vent them from drying out, as dry ponds would no longer provide food
for the birds.

In regions like the East Asian-Australasian Flyway, where extensive
natural habitat loss calls for coordinated strategies, integrating saltpan
management into broader wetland conservation efforts become essential
(Wang et al., 2021). By prioritizing water level regulation, reducing
human interference, and improving habitat structures, artificial wet-
lands can be transformed into critical refuges that significantly
contribute to global conservation efforts. This approach not only
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Fig. 5. Proposed changes to saltpan design and water management to enhance the use of saltpans by foraging shorebirds without compromising salt production. (a)
Suggested management schemes for saltpans. Management Scheme 1: modify the structure of saltpans. Transform the current flat-bottom design (30 cm depth) into a
gradient bottom (plan 1: a sloped bottom with depth 0-60 cm; plan 2 a terraced bottom with depth 15 cm, 30 cm, and 45 cm). These approaches keep the necessary
water volume for evaporation, while ensuring that, as evaporation progresses, sufficient areas with a water depth of <15 cm remain available to serve as foraging
habitats for shorebirds. Management Scheme 2: Adjust the amount and duration of water evaporation. Currently, with a water depth of 30 cm, it takes 30 days to
evaporate down to a depth of 10 cm, achieving the desired salinity. By dividing the evaporation process into two (or three) cycles and reducing the initial water depth
to 15 cm per evaporation cycle, it will take only 15 days to reach the required concentration (corresponding to a depth of 5 cm). This adjustment guarantees that
shorebirds have adequate foraging areas (water depth < 15 cm) throughout the entire evaporation process, while ensuring that the salt production over the 30-day
period remains unchanged. (b) Suggested design across the entire Nanpu Saltpans. Different types of ponds and land are marked with different colors, pink areas
represent the evaporation ponds, which can be managed to support foraging by shorebirds. (c) The location of Nanpu in the Yellow and Bohai Sea. (For interpretation
c:f the colour references in this figure legend, please refer to the web version of this article.)

complements traditional wetland restoration but also provides a scal-
able, cost-effective solution to the ongoing loss of wetlands worldwide,
aligning with sustainable wetland management principles.
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