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Land–sea interactions in coastal wetlands create heterogeneous vegetated habitats with
regular zonation along a topographic gradient. However, it’s unclear how the trophic
diversity of communities and trophic structure of food webs change along the gradient.
Here, we investigated the empirically resolved food web structure and trophic diversity
across four vegetated habitats (Phragmites australis, Suaeda salsa, Spartina alterniflora,
and Zostera japonica seagrass) along a gradient from upland to near-shore waters in the
Yellow River Delta wetland. We quantified d13C and d15N of carbon sources (detritus,
primary producers) and consumers (zooplankton, macroinvertebrates, fish). d13C and
d15N of the carbon sources and consumers differed significantly among the four habitats.
Carbon sources and consumers became more 13C-enriched and 15N-enriched along the
gradient, respectively. The consumer trophic position was higher in the S. salsa habitat
than in the seagrass habitat, followed by the S. alterniflora and P. australis habitats. The
habitat formed by invasive S. alterniflora had the lowest corrected standard ellipse areas in
the d13C vs. d15N plots for the basal carbon sources and all consumers combined, and the
lowest Layman community metrics for the d13C range, total area, and centroid distance;
thus, trophic groups in this habitat had the lowest isotopic trophic diversity. Using a
Bayesian isotope mixing model, we found that consumer diet compositions differed
greatly among the habitats where the consumer was present, except for shrimps and
polychaetes. Food web topological properties (species richness, number of trophic links,
linkage density, proportions of intermediate consumers and omnivores) increased along
the gradient. Generally, habitat heterogeneity created highly variable food webs. Our
results provide insights into the spatial variation in coastal ecosystems along a
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topographic gradient, and demonstrate the need to protect habitat heterogeneity in
coastal wetlands, combined with adaptive management to control invasive species.
Keywords: food web, trophic structure, trophic diversity, stable isotope, plant zonation, coastal wetland
INTRODUCTION
Coastal wetlands are located in the ecotone between land and sea,
and exhibit strong natural habitat heterogeneity, with upland,
salt marsh, mudflat, and near-shore waters. These habitats
display significant topographic gradients for parameters such
as salinity, elevation, and flooding frequency (Barbier et al., 2011;
Rogers et al., 2019). The environmental variation along the
gradient has significant structural effects on the spatial
distributions and characteristics of biotic communities (Bang
et al., 2018; Janousek et al., 2019; Colombano et al., 2021). In
particular, they form a vegetation mosaic (a plant zonation
pattern) along the gradient (Pennings et al., 2005; Cui et al.,
2011; Engels et al., 2011). Given that different communities
respond differently to their different trophic niches, stress
tolerance, and life history (Li et al., 2020). This variation
ultimately leads to different overall food web characteristics
that result from complex trophic cascade interactions.

The vegetated habitats along a coastal topographic gradient also
show large variations in carbon sources at the base of their food
webs, including differences between C4 salt marsh plants (e.g.,
Phragmites australis, Suaeda salsa) and C3 plants (e.g., Spartina
alterniflora, Zostera japonica) (Zhang et al., 2010; Christianen et al.,
2017). The intermediate consumers were dominated by insects at
upland sites, but shifted to bivalves and gastropods in the near-
shore waters (Dauer et al., 2010; Li et al., 2020). Furthermore, the
complexity of coastal food webs increases due to couplings between
green and brown food chains (Nordström et al., 2015; Schrama
et al., 2017), and between pelagic and benthic trophic pathways
(Kopp et al., 2015; Jones et al., 2021). Most researchers have
investigated food web characteristics for a specific coastal habitat,
most commonly for salt marsh habitats (Marczak et al., 2011;
Nordström et al., 2015; Schrama et al., 2017; Baker et al., 2021).
However, one of the most pressing challenges is to empirically
investigate the spatial variations of food webs along a large coastal
topographic gradient that includes multiple habitats, thereby
improving our understanding of coastal ecosystem structure and
functioning (Tylianakis and Morris, 2017; Baiser et al., 2019).

Available studies have mainly addressed changes in the
trophic structure of coastal food webs along latitudinal
gradients (Saporiti et al., 2015; Cardona et al., 2021), or
gradients in nutrient enrichment and hydraulic residence time
(Sierszen et al., 2006). In addition, some studies examined
changes in food web properties in diverse wetland habitats
along a water-flow gradient from the upper river estuary to
coastal offshore waters (Kim et al., 2020; Kundu et al., 2021). For
example, Vinagre and Costa (2014) revealed that the upper
estuary had higher variability for many topological properties,
but did not differ significantly from that in the lower estuary.

Studies of the plant zonation patterns along coastal topographic
gradients have compared food web characteristics between P.
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australis and S. salsa habitats (Park et al., 2015) and between P.
australis and S. alterniflora habitats (Dibble and Meyerson, 2014).
However, information is still lacking on generalized patterns in
terms of the trophic structure and associated food web properties
across more variable vegetated habitats along the topographic
gradient, and this limits our understanding of how coastal
gradients shape heterogeneous food webs in coastal wetlands.

The Yellow River Delta wetland has a complex coastal system
and provides an ideal topographic gradient that can be used to
assess changes in the food web trophic structure among variable
vegetated habitats due to its distinct plant zonation patterns. The
plant communities are dominated by P. australis, Tamarix
chinensis, S. salsa, S. alterniflora, and Z. japonica seagrass (from
upland to near-shore waters) in this coastal wetland (Cui et al.,
2011; Qi et al., 2021). Using this area as our case study, we
investigated the spatial variation of food webs across four different
vegetated habitats along the topographic gradient from upland to
the near-shore waters. Specifically, our objectives were: (1) to
investigate changes in stable carbon and nitrogen isotope values in
the trophic groups as well as variations in the trophic position of
consumers along the gradient, (2) to investigate changes in
isotopic niche characteristics of the trophic groups that
represent their trophic diversity along the gradient, and (3) to
investigate changes in the topological properties of food web
networks, quantitative diet compositions of consumers, and food
web trophic structure along the gradient. We hypothesized that
the food web characteristics would vary significantly along the
gradient, reflecting differences in ecosystem functioning among
the vegetated habitats. In addition, based on previous
measurements of species composition and biomass distribution
in the biotic communities along the topographic gradient in the
Yellow River Delta (Li et al., 2020), we hypothesized that the food
webs at low elevations in the coastal wetland would be more
complex than those at higher elevations in terms of the complexity
of the topological properties.
MATERIALS AND METHODS

Study Area
Our study was conducted in a coastal wetland within China’s Yellow
River Delta national nature reserve, where the Yellow River enters
the Bohai Sea on the Pacific coast of northeastern China (Figure 1).
This delta is the largest, youngest, most active, and most fragile
estuary wetland in China. It has a warm temperate continental
monsoon climate with distinct seasons and irregularly semidiurnal
(twice daily) tides. The average annual temperature is 12°C, with
mean monthly temperatures ranging from -3°C in January to 27°C
in July, and the average annual precipitation and evaporation are 552
mm and 1962 mm, respectively (Cui et al., 2011).
June 2022 | Volume 9 | Article 920745
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Fieldwork was conducted on the northern shore of the Yellow
River channel. There is no tidal embankment along the coastline.
Due to the interactions between land and sea, environmental
factors vary greatly along the topographic gradient, with the
elevation ranging from 0 m at the seashore to 2.5 m at the upland
sites; as a result, the flooding frequency ranges from 0% at the
upland sites to 95% at the seashore (Cui et al., 2011). The water
salinity ranges from <0.5‰ at the upland sites to 30‰ at the
seashore (Li et al., 2020). Clear plant zonation patterns are visible
along the gradient (Qi et al., 2021). We selected four habitats
with different vegetation communities for our study: the P.
australis upland, the S. salsa salt marsh, the habitat of invasive
S. alterniflora in the mudflat area, and the Z. japonica
seagrass habitat in the near-shore waters (Figure 1). In each
habitat, we performed sampling at 6 sites (Figure 1B). The
macroinvertebrate community also showed large variation across
the four habitats, and the dominant macroinvertebrate species
changed from insects in the upland habitat to bivalves and
gastropods closer to the sea (Li et al., 2020). The large
variations in abiotic and biotic factors among the four habitats
enable us to further explore the spatial variations in food web
characteristics, thereby enriching our understanding of the
spatial variation in food web dynamics along the coastal gradient.

Sample Collection and Processing
To determine the spatial variations in food web characteristics
across the four vegetated habitats along the coastal topographic
gradient, we collected samples of food web items from each
habitat in September 2018 and June, July, and August 2019, to
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cover most of the growing season. We collected potential carbon
sources at the base of the food webs, consisting of sediment
organic matter (SOM), particulate organic matter (POM), C3
and C4 vascular plants, microphytobenthos, and phytoplankton.
We collected zooplankton, macroinvertebrates, and fish to
represent consumers in these food webs.

Bulk sediment was collected using a soil core sampler (5.0 cm
in diameter, 5.0 cm in depth) to prepare samples of SOM. Water
samples were collected at a depth of 20 cm in tidal creeks using a
Plexiglass water collector. We filtered the water column through
a 200-mm mesh to remove large detritus and then acquired
samples of POM by rinsing the samples on pre-combusted (450°
C for 6 h) glass-fiber filters (0.45 mm,Whatman GF/F; Mao et al.,
2016). We collected fresh leaves of vascular plants by hand and
washed them with distilled water. Microphytobenthos samples
were collected by scraping the surface of stones in the tidal creek
(O’Gorman et al., 2017). Phytoplankton and zooplankton
samples were collected by filtration of the collected water
column through meshes with sizes of 0.064 and 0.122 mm,
respectively. They were then rinsed onto pre-combusted glass-
fiber filters for stable isotope determination. Macroinvertebrates
were collected by dredging the sediment to a depth of 20 cm. The
sediment was then washed and passed through a 0.5-mm mesh
to extract organisms. Fish were collected by employing fishing
cages in tidal creeks (sampling details see Li et al., 2020).

Different pre-treatments were applied to these organisms
before determining the stable isotopic values for carbon (d13C)
and nitrogen (d15N). For shrimp, we removed the entire shell,
head, and tail, and then extracted the muscle tissue. For crabs, we
A B

FIGURE 1 | (A) Map of China’s Yellow River Delta based on the interpretation of remote sensing images from 2015. (B) Location of the four studied vegetated
habitats along a topographic gradient: Phragmites australis habitat in the upland, Suaeda salsa habitat in the salt marsh, Spartina alterniflora in the mudflat, and
Zostera japonica seagrass habitat in the near-shore waters. The black lines represent the approximate borders between adjacent habitats; thus, the lines marked
with c and d represent the borders between the marsh and the terrestrial border and between the terrestrial border and the upland habitat, which developed at the
highest astronomical tide based on data from Cui et al. (2011) and Li et al. (2020). Photos were taken by X. Li in 2019.
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extracted muscle tissue from the large claw. For snails and
bivalves, we removed the viscera from the shell. We used the
entire body for other small organisms. For fish, we extracted the
white dorsal muscle tissues from three individuals per species
with similar size or weight to provide a single composite sample
for isotope detection. All stable isotope samples were oven-dried
at 60°C to constant weight, then ground into a fine powder using
a mortar and pestle. Stable isotope analysis was performed in a
continuous-flow isotope-ratio mass spectrometer (Delta V
Advantage, Thermo Scientific, Schwerte, Germany) coupled
with an elemental analyzer (Flash EA1112, Thermo Scientific,
Monza, Italy). We recalibrated the spectrometer after every 10
measurements. Measurement precision of d13C and d15N were
0.1‰ and 0.2‰, respectively. We used Vienna PeeDee
Belemnite (VPDB) and atmospheric N2, respectively, as the
standard samples to calculate the d13C and d15N ratios. Since
d15N ratios change as a result of trophic fractionation, we defined
the trophic position (TP) of a consumer trophic group as follows
(vander Zanden et al., 1999):

TP =  ½(d15Nconsumer– d15Nbaseline) =TEF� +  2 (1)

where d15Nconsumer is the consumer’s d15N value, and d15Nbaseline

is the baseline d15N value, which we assumed equaled the average
value for all primary consumers (i.e., detritivores and herbivores)
in each habitat. We assumed that the trophic enrichment factors
(TEF) were 3.4 ± 1.0‰ (mean ± SD) for d15N and 0.4 ± 1.3‰ for
d13C, which are the values used in the SIAR model, according to
Post (2002). The trophic position of the carbon sources was set
to 1.

We divided the collected organisms into different trophic
groups, which we defined as groups of taxa that share the same
set of prey and predators (Dunne et al., 2002), for each habitat
(Supplementary Table 1). In total, we collected 86 stable isotope
samples for all trophic groups in the P. australis habitat
(Supplementary Table 2), 113 samples in the S. salsa habitat
(Supplementary Table 3), 131 samples in the S. alterniflora
habitat (Supplementary Table 4), and 117 samples in the Z.
japonica habitat (Supplementary Table 5).

Stable Isotope Data Analysis
The size of the region occupied by an assemblage in the stable
isotope space (i.e., in the d13C vs. d15N plots) contains
information about isotopically defined trophic diversity, and
reflects the size of the trophic niche (Abrantes et al., 2014).
Thus, the close proximity of consumer taxa in isotope space
reflects potential trophic redundancy. To investigate differences
in trophic niche size of all carbon sources, all consumers
combined, and each consumer trophic group among the four
habitats, we quantified the value of the corrected standard ellipse
area (SEAc, ‰2) using the SIBER package (Stable Isotope
Bayesian Ellipses in R, Jackson et al., 2011) implemented in R
version 2.1.6 (https://www.r-project.org/). Higher values of SEAc

indicate wider isotopic trophic niches as well as higher trophic
diversity of an assemblage of communities (Masese et al., 2018).
For consumers, we further analyzed the percentage overlap of the
95% confidence interval for SEAc between pairs of habitats.
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Values of this overlap range from 0% when the two ellipses are
completely separated to 100% when they fully overlap. For a
target consumer group, a high overlap between pairs of habitats
implies that the consumer group relies on similar food sources
within the two habitats, which means it has a similar trophic
niche in both habitats; conversely, a low overlap means different
food sources and trophic niches (Jackson et al., 2011).

We also analyzed the metrics proposed by Layman et al.
(2007) to describe the trophic niche structure:

1. d13C range (CR), with a wide range representing niche
diversification among carbon sources;

2. d15N range (NR), with a wide range suggesting trophic length;
3. total area (TA), which represents the area of the convex hull

occupied by the assemblage in the d13C versus d15N isotopic
space;

4. centroid distance (CD), which represents the Euclidean
distance of each component of the species assemblage from
the centroid;

5. mean nearest-neighbor distance (MNND), which represents
the mean Euclidean distance from each group to its nearest
neighbor in the isotopic space;

6. standard deviation of the nearest-neighbor distance
(SDNND), which represents the evenness of the isotopic
space for all species assemblages.

Lower values of MNND and SDNND indicate higher trophic
redundancy; that is, a low MNND means more trophic groups
with similar trophic ecologies, and a low SDNND means more
evenly distributed species (Abrantes et al., 2014). To overcome
the dependence of the six Layman metrics on sample size, we
followed the advice of Jackson et al. (2011) and calculated the
Bayesian CR, NR, TA, CD, MNND, and SDNND at each habitat
using the SIBER package to provide unbiased and more robust
metrics that accounted for variations in sample size in our
statistical comparisons of the Layman metrics among the four
studied habitats.

Bayesian Isotope Mixing Model
We derived the empirical food webs for the four vegetated
habitats by combining literature analysis and the Bayesian
isotope mixing model. We firstly derived the potential prey for
each consumer trophic group in each habitat based on published
diet data in similar coastal ecosystems or close to our study area
(see Supplementary diet literature). Based on the information
on potential food sources, we then ran the Bayesian stable
isotope mixing model for each consumer to identify whether
the potential feeding link described in the literature was valid at
our study sites, and then obtained the quantitative contributions
to each consumer’s diet.

We created the Bayesian isotope mixing model using the
SIAR package (Stable Isotope Analysis in R; Parnell et al., 2010)
implemented in version 3.6.1 of the R software, which solves
mixing models based on isotope data using a Markov-chain
Monte Carlo approach, and simulates dietary proportions using
a Dirichlet prior distribution (Parnell et al., 2010). We ran 30,000
iterations of each SIAR model, and the output represents a
June 2022 | Volume 9 | Article 920745
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probability-density distribution for the potential contribution of
each prey item to the diet of each consumer. We assigned a
feeding link in the food web when the lower limit of the 50%
credibility interval for the contribution of each source to the
consumer’s diet exceeded 5% (Careddu et al., 2015; Bentivoglio
et al., 2016).

To characterize the trophic structure of food webs across the
four habitats along the coastal gradient, we selected 12
commonly addressed topological properties:

1. richness (S), number of trophic groups in the food web;
2. links (L), number of trophic links between the trophic

groups;
3. linkage density (LD), LD = L/S;
4. connectance (C), C= L/S2;
5. top species (T), proportion of species that have no predators;
6. intermediate species (I), proportion of species that have both

prey and predators;
7. basal species (B), proportion of species that have no prey;
8. omnivory (O), proportion of species that consume prey

from more than one trophic level;
9. GenSD, standard deviation of the number of prey resources

per species;
10. VulSD, standard deviation of the number of consumers for

each species;
11. ATL, average trophic level;
12. MaxSim, maximum Jaccardian similarity.

We calculated these topological properties using the Network
3D software (Yoon et al., 2004; Williams, 2010).

Statistical Analysis
We used one-way ANOVA to identify significant differences in
the d13C and d15N values of the trophic groups among the four
habitats. When the ANOVA test showed a significant difference
(p < 0.05), we used Tukey’s HSD post-hoc test to identify
significant differences between pairs of habitats. Statistical
analyses were conducted using version 20.0 of the Statistical
Package for the Social Sciences (SPSS) software (www.ibm.com/
analytics/us/en/technology/spss/).
RESULTS

Signatures of Stable Isotope Values of
Trophic Groups
d13C and d15N Values of Carbon Sources
The d13C values of the carbon sources (i.e., detritus and primary
producers) differed significantly among sources in the P.
australis habitat (Supplementary Table 2; one-way ANOVA,
F4,40 = 33.54, p < 0.001), the S. salsa habitat (Supplementary
Table 3; F4,43 = 58.23, p < 0.001), the S. alterniflora habitat
(Supplementary Table 4; F4,41 = 51.74, p < 0.001), and the Z.
japonica habitat (Supplementary Table 5; F4,32 = 14.97, p <
0.001). The highest range of mean d13C values of the carbon
sources occurred in the S. salsa habitat (from -28.99 ± 0.63‰ to
-5.46 ± 0.53‰, mean ± SD), followed by the P. australis habitat
Frontiers in Marine Science | www.frontiersin.org 5
(from -25.74 ± 0.67‰ to -6.84 ± 0.75‰), the Z. japonica
habitat (from -20.61 ± 3.60‰ to -5.62 ± 0.16‰) and the S.
alterniflora habitat (from -19.90 ± 0.02‰ to -7.00 ±
0.79‰) (Figure 2).

In all four habitats, SOM was always the most 13C-enriched
carbon source (Tukey’s HSD test, p < 0.05, Supplementary
Table 2 to 5). In both the P. australis and Z. japonica habitats,
phytoplankton (-20.28 ± 6.72‰ and -20.61 ± 3.60‰,
respectively) was significantly more 13C-depleted than
microphytobenthos (-14.82 ± 1.37‰ and -12.97 ± 0.40‰,
respectively). In the S. salsa habitat, S. salsa was the most 13C-
depleted basal source (-28.99 ± 0.63‰), with a value significantly
lower than that of other carbon sources (p < 0.05;
Supplementary Table 3). In the S. alterniflora habitat,
phytoplankton (-13.65 ± 1.25‰) and S. alterniflora (-14.45 ±
1.45‰) were both significantly more 13C-enriched than POM
(-17.57 ± 2.24‰) and the microphytobenthos (-19.90 ± 0.02‰)
(Supplementary Table 4).

The d15N values of the carbon sources also showed significant
differences in the S. salsa habitat (ANOVA, F4,43 = 6.37, p <
0.001) and the S. alterniflora habitat (F4,41 = 3.17, p = 0.02), but
there were no significant differences in the P. australis habitat
(F4,40 = 1.54, p = 0.21) and the Z. japonica habitat (F4,32 = 1.20, p
= 0.33). The d15N values of the carbon sources ranged from 1.61
± 0.45‰ to 3.90 ± 2.84‰ in the P. australis habitat, from 4.05 ±
0.56‰ to 6.26 ± 0.78‰ in the S. salsa habitat, from 4.95 ± 0.46‰
to 6.65 ± 0.78‰ in the S. alterniflora habitat, and from 5.02 ±
1.20‰ to 6.68 ± 0.68‰ in the Z. japonica habitat. POM had
significantly higher d15N values (6.26 ± 0.78‰) than
phytoplankton (4.35 ± 1.97‰) in the S. salsa habitat (p < 0.05,
Supplementary Table 3).

d13C and d15N Values of Consumers
Consumers also showed significant differences in d13C values
among the four habitats (for the P. australis habitat, F7,44 = 3.09,
p = 0.01; for the S. salsa habitat, F9,68 = 3.41, p = 0.002; for the S.
alterniflora habitat, F10,88 = 14.95, p < 0.001; for the Z. japonica
habitat, F10,83 = 17.13, p < 0.001). The distribution of the d13C values
of consumers was relatively narrow in the P. australis habitat (from
-25.06 ± 4.31‰ to -20.54 ± 3.83‰) compared to the ranges in the S.
salsa habitat (from -20.01 ± 1.67‰ to -12.24 ± 2.01‰), the S.
alterniflora habitat (from -22.44 ± 3.88‰ to -10.46 ± 4.19‰), and
the Z. japonica habitat (from -27.01 ± 2.44‰ to -11.24 ± 2.67‰)
(Figure 2 and Supplementary Table 2 to 5). Zooplankton showed
more 13C-depleted values in the P. australis (-22.61 ± 2.25‰) and Z.
japonica (-23.70 ± 1.64‰) habitats than in the S. salsa (-14.99 ±
5.01‰) and S. alterniflora (-13.59 ± 1.21‰) habitats. The
macroinvertebrate (mean for all groups ± SD, -22.73 ± 1.85‰)
and fish (-23.25 ± 4.35‰) groups both had more 13C-depleted
values (in average) in the P. australis habitat than in the other
habitats: for the S. salsa habitat, -16.20 ± 2.96‰ for
macroinvertebrates and -17.66 ± 1.91‰ for fish; for the S.
alterniflora habitat, -16.70 ± 3.68‰ for macroinvertebrates and
-18.51 ± 3.03‰ for fish; for the Z. japonica habitat, -15.40 ± 3.23‰
for macroinvertebrates and -19.72 ± 3.30‰ for fish. This
demonstrates that fish generally had more 13C-depleted values
than macroinvertebrates in the four habitats.
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The consumer d15N values also differed significantly (for the P.
australis habitat, F7,44 = 6.16, p < 0.001; for the S. salsa habitat, F9,68
= 40.24, p < 0.001; for the S. alterniflora habitat, F10,88 = 10.06, p <
0.001; for the Z. japonica habitat, F10,83 = 14.93, p < 0.001). In the P.
australis habitat, the d15N values of other crustaceans (2.66 ±
0.72‰) and gastropods (3.31 ± 0.77‰) were significantly lower
than those of the fish (p < 0.001), which were 8.58 ± 2.94‰ and 8.48
± 1.99‰ for Planiliza haematocheila and Synechogobius hasta,
respectively. In the S. salsa, S. alterniflora, and Z. japonica
habitats, Lateolabrax japonicus had the highest d15N values, and
the difference from other groups was often significant. In the S. salsa
habitat, P. haematocheila had significantly higher d15N values (9.38
± 1.32‰) than zooplankton (5.63 ± 1.32‰), bivalves (5.59 ±
0.90‰), gastropods (6.48 ± 0.90‰), other crustaceans (5.54 ±
0.47‰), and crabs (5.80 ± 1.89‰) (p < 0.05). In the S.
alterniflora habitat, S. hasta had a significantly (p < 0.05) higher
d15N value (10.95 ± 0.80‰) than zooplankton (6.46 ± 1.39‰),
bivalves (7.29 ± 0.94‰), and crabs (7.47 ± 1.71‰). In addition, P.
haematocheila, Carassius auratus, and S. hasta in the Z. japonica
habitat all had significantly higher d15N values than the zooplankton
and macroinvertebrates, except for gastropods, crabs,
and polychaetes.
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Trophic Positions of Consumer Trophic Groups
We determined the trophic positions of consumer trophic
groups based on their d15N values relative to a baseline that
equaled the average value of all detritivores and herbivores for
each habitat. The highest trophic position of consumer trophic
groups in the S. salsa habitat (3.92) was slightly higher than the
highest position in the Z. japonica habitat (3.62), followed by the
S. alterniflora (3.32) and P. australis (3.25) habitats (Figure 3).
Trophic positions of zooplankton, bivalves, gastropods, C.
auratus, S. hasta, and L. japonicus all differed significantly
among the four habitats (p < 0.05). Specifically, zooplankton
had a higher trophic position in the P. australis habitat (2.41 ±
0.43) than in other habitats, at 1.94 ± 0.42 in the S. salsa habitat,
1.65 ± 0.46 in the S. alterniflora habitat, and 1.76 ± 0.62 for the Z.
japonica habitat. In the Z. japonica habitat, bivalves (2.28 ± 0.27),
gastropods (2.60 ± 0.40), and C. auratus (3.42 ± 0.37) all had
significantly higher trophic positions than in the other habitats (p
< 0.05). The trophic positions of S. hasta and L. japonicus were
both highest in the S. salsa habitat (3.58 ± 0.14 and 3.94 ± 0.22,
respectively), followed by the Z. japonica habitat (3.44 ± 0.13 and
3.62 ± 0.41, respectively), and were lowest in the S. alterniflora
habitat (3.08 ± 0.26 and 3.32 ± 0.30, respectively).
A B

C D

FIGURE 2 | d13C and d15N values (mean ± SD) of trophic groups collected from (A) Phragmites australis, (B) Suaeda salsa, (C) Spartina alterniflora, and (D) Zostera
japonica seagrass habitats along the coastal topographic gradient in the Yellow River Delta. Abbreviations for the trophic groups: Biv, bivalves; Ca, Carassius
auratus; Cra, crabs; Gas, gastropods; Ins, Insects; Lj, Lateolabrax japonicus; Mic, microphytobenthos; OtC, other crustaceans; Pa, Phragmites australis; Ph, Planiliza
haematocheila; Phy, phytoplankton; Pol, polychaetes; POM, particulate organic matter; Sa, Spartina alterniflora; Sh, Synechogobius hasta; Shr, shrimp; SOM,
sediment organic matter, Ss, Suaeda salsa; Zj, Zostera japonica; Zoo, zooplankton.
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Trophic Diversity of Trophic Groups
The corrected standard ellipse areas (SEAc) for different
assemblages across the four habitats were calculated by SIBER
analysis to identify their relative trophic diversity (Figure 4 and
Supplementary Table 6). SEAc ellipses for the carbon sources, all
consumers combined, and individual consumer trophic groups
differed among the four habitats in size, shape, and position in
the d13C vs. d15N plots, which suggested that some trophic
groups had shifted their trophic niche along the coastal
topographic gradient. In the S. alterniflora and Z. japonica
habitats, the positions of the SEAc ellipses for the carbon
sources, all consumers combined, gastropods, and S. hasta
showed higher d13C and d15N values than in the P. australis
and S. salsa habitats (Figures 4A, B, E, I). In addition, the SEAc

of bivalves and crabs showed higher d15N values in the S.
alterniflora and Z. japonica habitats than in the S. salsa habitat
(Figures 4D, F).

Regarding the size of SEAc, S. alterniflora habitat had the
smallest SEAc for both carbon sources (11.32‰2) and all
c on sume r s c omb in ed ( 25 . 8 6‰ 2 ) (F igu r e 4 and
Supplementary Table 6). Specifically, for zooplankton, SEAc

was largest in the S. salsa habitat (22.51‰2) and smallest in the S.
alterniflora habitat (4.91‰2). Bivalves and crabs gradually had
larger SEAc from the S. salsa habitat to the S. alterniflora and Z.
japonica habitats. Gastropods had the largest SEAc in the S.
alterniflora (27.41‰2), followed by the Z. japonica habitat
(13.62‰2), with lower values in the P. australis and S. salsa
habitats (< 9‰2). P. haematocheila and S. hasta both had the
largest SEAc in the P. australis habitat (22.90‰2 and 10.41‰2,
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respectively), whereas C. auratus had the largest SEAc in the S.
alterniflora habitat (29.08‰2). Variation of SEAc of L. japonicus
among the four habitats was small, with values ranging from
1.53‰2 to 4.47‰2.

Supplementary Table 7 summarizes the overlaps of the
ellipses among the four sites. Trophic groups showed high
overlaps among the four habitats (Figure 4), with overlaps
ranging from 24.5% to 60.0% for the carbon sources, and from
27.7 to 81.5% for all consumers combined. In addition, only the
overlaps for zooplankton between the P. australis and S.
alterniflora habitats and for bivalves between the S. salsa and
Z. japonica habitats were lower than 6%.

Layman’s community metrics also varied across habitats, but
with strongly different patterns (Figure 5). CR, TA, and CD
showed similar patterns across the four habitats, with their
highest values in the S. salsa habitat, followed by the P.
australis or Z. japonica habitat, and the lowest values in the S.
alterniflora habitat. This contrasts with the NRmetric, which was
lowest in the S. salsa habitat and highest in the S. alterniflora
habitat. MNND was highest in the S. salsa habitat, followed by
the P. australis and S. alterniflora habitats, but lowest in the Z.
japonica habitat. Whereas SDNND was highest in the Z. japonica
habitat, followed by the S. salsa habitat, and lowest in the P.
australis habitat.

Food Web Trophic Structure and
Topological Properties
The SIAR modeling revealed high variability in the diet
compositions of the consumer trophic groups across the four
habitats (Figure 6), except for insects, shrimps, and
polychaetes. Diagrams of the trophic structure of these food
webs were shown in Supplementary Figures 1–4. The diet
composition of zooplankton was relatively evenly distributed in
the P. australis and Z. japonica habitats, with POM and
phytoplankton accounting for 60% and 40% in the P.
australis habitat, and 54% and 46% in the Z. japonica habitat,
respectively. Whereas zooplankton relied almost exclusively on
phytoplankton (ca. 83%) in both the S. salsa and S. alterniflora
habitats. Bivalves showed a slight dietary preference for
phytoplankton (61%) in the S. salsa habitat, but depended on
POM (59%) in the Z. japonica habitat. Bivalves had a
particularly high preference for POM (89%) in the S.
alterniflora habitat. Gastropods had relatively evenly
distributed diet compositions, with the highest contribution
by P. australis (37%) in the P. australis habitat. In the other
three habitats, gastropods mostly relied on SOM (53, 47, and
44% for the S. salsa, S. alterniflora, and Z. japonica habitats,
respectively), followed by S. alterniflora (32%) in the S.
alterniflora habitat and microphytobenthos in the S. salsa and
Z. japonica habitats (ca. 30%). A range of prey contributed to
the diet of crabs in these four habitats, with the highest
contribution of 24% from P. australis in the P. australis
habitat, ca. 19% from SOM in the S. salsa and Z. japonica
habitats, and 24% from POM in the S. alterniflora habitat. Large
differences were evident in the dietary composition of the other
crustaceans across the four habitats; they relied substantially on
POM in the P. australis habitat (85%) and S. alterniflora habitat
FIGURE 3 | Trophic positions (mean ± SD) identified based on the d15N values
of consumer trophic groups collected from the Phragmites australis (PA), Suaeda
salsa (SS), Spartina alterniflora (SA), and Zostera japonica seagrass (ZJ) habitats
along the coastal topographic gradient in the Yellow River Delta wetland.
Abbreviations for the trophic groups: Biv, bivalves; Ca, Carassius auratus; Cra,
crabs; Gas, gastropods; Ins, Insects; Lj, Lateolabrax japonicus; OtC, other
crustaceans; Ph, Planiliza haematocheila; Pol, polychaetes; Sh, Synechogobius
hasta; Shr, shrimp; Zoo, zooplankton. The position of consumers on the x-axis
from left to right represents an increase in the mean trophic position of the
consumers across the four habitats. Significant differences in the trophic positions
of the consumers among the four habitats were evaluated by one-way ANOVA
(*p < 0.05; ***p < 0.001). Bars for a given trophic group that are labeled with
different letters differ significantly (Tukey’s HSD test, p < 0.05).
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(63%), but only approximately 50% on both SOM and POM in
the S. salsa and Z. japonica habitats.

The fish P. haematocheila, C. auratus, and S. hasta all had
broad diet compositions, with no dominant prey. However,
microphytobenthos accounted for 38% of the diet of C.
auratus, and S. hasta preferred polychaetes and shrimp in the
S. salsa habitat but zooplankton and crabs in the S. alterniflora
habitat. L. japonicus had obvious diet preferences across these
habitats; it preferred shrimps (46%) and S. hasta (30%) in the S.
salsa habitat, shrimps (41%) and crabs (27%) in the S. alterniflora
habitat, and all three prey (ranging from 20 to 26%) in the Z.
japonica habitat.

We observed clear differences among the four habitats in the
food web topological properties (Table 1). S, L, LD, I, and O were
all higher in the S. alterniflora and Z. japonica habitats than in
the S. salsa habitat, and were lowest in the P. australis habitat. In
Frontiers in Marine Science | www.frontiersin.org 8
contrast, C, T, B, and MaxSim showed the opposite pattern,
though the differences were very small.
DISCUSSION

Despite the challenges in resolving empirical coastal food webs
on a large scale, this study disentangled the spatial variation of
the trophic diversity of trophic groups and the structure of the
entire food web across variable vegetated habitats along a coastal
topographic gradient in the Yellow River Delta. Our two initial
hypotheses were both confirmed. Specifically, the measured
stable isotope ratios of the trophic groups, the trophic
positions of consumers, the isotopically defined trophic
diversity, the quantitative diet compositions, and the
topological properties all varied markedly along the coastal
A B

C D E F

G H I J

FIGURE 4 | Corrected standard niche ellipses (solid lines) and convex hulls (dashed lines) for the isotope-based niche areas of (A) the carbon sources, consisting of
detritus and primary producers; (B) all consumers combined; and (C-J) individual consumer trophic groups for the Phragmites australis (PA), Suaeda salsa (SS),
Spartina alterniflora (SA), and seagrass Zostera japonica seagrass (ZJ) habitats along the coastal topographic gradient in the Yellow River Delta wetland. Graphs
were produced using the SIBER package implemented in the R software. Each point shows the d13C and d15N values for a sample, with colors based on the habitat
where this data was collected. The ellipses, hulls, and data points for a given consumer trophic group collected in a given habitat in (C) to (J) are only provided when
the sample size is ≥ 5.
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topographic gradient. However, we found no consistent trend for
multiple metrics of trophic diversity and trophic structure. It is
worth noting that trophic groups in the habitat dominated by
invasive S. alterniflora mostly had rather low values of
isotopically defined trophic diversity. The seaside habitats had
higher values of food web topological properties than the higher-
elevation habitats in terms of species richness, number of trophic
links, and linkage density; that is, they had more complex
food webs.

Spatial Variability in Trophic Diversity of
the Trophic Groups Along the
Topographic Gradient
Our measured d13C values for the carbon sources in the four
habitats were similar to those that were previously reported for
temperate estuarine and coastal ecosystems in other parts of the
world (Bristow et al., 2013; Park et al., 2017; Kim et al., 2020).
However, our d13C value for Z. japonica seagrass (-13.8 ± 0.3‰)
was slightly lower than that for the same species along the
Gudong embankment in the Yellow River Delta’s coastal
wetland (-11.7 ± 0.4‰) (Li et al., 2021) and lower than the
range in a review of 31 studies in seagrass ecosystems (-10 to
-11‰) (Hemminga and Mateo, 1996), but approached the values
(-10.1 to 14.0‰) in some temperate seagrass beds (e.g., Hanson
Frontiers in Marine Science | www.frontiersin.org 9
et al., 2010; Mittermayr et al., 2014). We found that the C4 plants
of S. alterniflora and Z. japonica seagrass were significantly more
13C-enriched than the C3 plants of P. australis and S. salsa,
probably due to their different photosynthetic pathways
(Peterson and Fry, 1987). SOM was more 13C-enriched than
POM in all four habitats, which is consistent with a previously
reported separation between pelagic and benthic carbon sources
(Kiljunen et al., 2020). However, our comparisons between
pelagic algae (i.e., phytoplankton) and benthic algae (i.e.,
microphytobenthos) tended to be confused among the four
habitats. That is, phytoplankton were more 13C-depleted than
microphytobenthos in both P. australis and Z. japonica habitats,
but less 13C-depleted in the S. salsa and S. alterniflora habitats.

The phytoplankton d13C values (ca. -15‰) in the S. salsa and
S. alterniflora habitats were lower than the values commonly
observed in temperate waters (-22 to -20‰; Cresson et al., 2012).
We hypothesize that our conservative estimates for the
phytoplankton stable isotope signatures in the two habitats
were either influenced by water salinity and dissolved
inorganic carbon (Careddu et al., 2015) or due to the fact that
the collected phytoplankton may reflect a combination of
phytoplankton, microorganisms, and POM of undefined
origins (Young et al., 2021). The lower d13C values for SOM in
the higher-elevation P. australis habitat compared with the
A B C

D E F

FIGURE 5 | Boxplots representing Bayesian model estimates for six Layman community metrics: (A) the d13C range (CR), (B) the d15N range (NR), (C) the total area
(TA), (D) the mean distance to the centroid (CD), (E) the mean nearest-neighbor distance (MNND), and (F) the standard deviation of the nearest-neighbor distance
(SDNND) across the Phragmites australis (PA), Suaeda salsa (SS), Spartina alterniflora (SA), and Zostera japonica seagrass (ZJ) habitats along the coastal
topographic gradient in the Yellow River Delta wetland.
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TABLE 1 | Topological properties of the food webs in the Phragmites australis (PA), Suaeda salsa (SS), Spartina alterniflora (SA), and Zostera japonica seagrass (ZJ)
habitats along the coastal topographic gradient in the Yellow River Delta.

Metrics Definitions PA SS SA ZJ

Richness (S) Number of trophic groups in the food web 13 15 16 16
Links (L) Number of trophic links between the trophic groups 33 42 46 48
Linkage density (LD) LD = L/S 2.54 2.80 2.88 3.00
Connectance (C) C= L/S2 0.20 0.19 0.18 0.19
Top species (T) Proportion of species that have no predators 0.08 0.07 0.06 0.06
Intermediate species (I) Proportion of species that have both prey and predators 0.54 0.60 0.63 0.63
Basal species (B) Proportion of species that have no prey 0.38 0.33 0.31 0.31
Omnivory (O) Proportion of species that consume prey from more than one trophic level 0.38 0.40 0.44 0.44
GenSD Standard deviation of the number of resources per species 2.57 2.70 2.55 2.76
VulSD Standard deviation of the number of consumers per species 1.27 1.42 1.71 1.59
ATL Average trophic level 1.77 1.90 1.90 1.91
MaxSim Maximum Jaccardian similarity 0.65 0.59 0.57 0.58
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Metrics with values that increased along the gradient are boldfaced.
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FIGURE 6 | Diet compositions for each trophic group (in the columns) foraging on its prey (in the rows) in the (A) Phragmites australis, (B) Suaeda salsa, (C)
Spartina alterniflora, and (D) Zostera japonica seagrass habitats along the coastal topographic gradient in the Yellow River Delta wetland. Color intensity is
proportional to the magnitude of the diet contributions of the prey to the consumer trophic groups. Abbreviations for the trophic groups: Abbreviations for the trophic
groups: Biv, bivalves; Ca, Carassius auratus; Cra, crabs; Gas, gastropods; Ins, Insects; Lj, Lateolabrax japonicus; Mic, microphytobenthos; OtC, other crustaceans;
Pa, Phragmites australis; Ph, Planiliza haematocheila; Phy, phytoplankton; Pol, polychaetes; POM, particulate organic matter; Sa, Spartina alterniflora; Sh,
Synechogobius hasta; Shr, shrimp; SOM, sediment organic matter, Ss, Suaeda salsa; Zj, Zostera japonica; Zoo, zooplankton.
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lower-elevation S. alterniflora and Z. japonica habitats are
consistent with the findings of Park et al. (2017), and are also
consistent with observations that the d13C values of POM in
freshwater are significantly lower than those in saltwater (Dibble
and Meyerson, 2014; Ye et al., 2017). The microphytobenthos
d13C values in the P. australis and Z. japonica habitats (ca. -15‰)
were slightly higher than those in the S. salsa and Z. japonica
habitats (ca. -19‰), but were comparable with the range (-14.8 ±
0.8‰) reported in coastal wetlands (Kim et al., 2020).

The overall d13C range of the consumers collected from the
P. australis habitat was narrow and the values were lower than
those in the other three habitats, possibly reflecting the carbon
isotopic signatures of the dominant primary producer
(Wozniak et al., 2006). Similarly, Park et al. (2015) showed
that the d13C values of consumers in P. australis habitat were
lower than those in the Suaeda japonica habitat. Garcia et al.
(2018) showed an overall increasing trend in mean consumer
d13C values along a river–estuary–surf zone transect. Higher
consumer d15N values were found in the seaside habitats (i.e.,
the S. salsa, S. alterniflora, and Z. japonica habitats) than in the
P. australis habitat, which is in line with the findings of Kim
et al. (2020). The highest trophic position for all consumers
combined was observed in the S. salsa habitat, followed by the
Z. japonica habitat, and was lower in the S. alterniflora and P.
australis habitats. The trophic positions are comparable to the
value (3.76) for the highest trophic position reported in the
lower reaches of the Yangtze River (Mao et al., 2016). We found
the highest trophic position for the sea bass, L. japonicus, in the
S. salsa, S. alterniflora, and Z. japonica habitats, which is
consistent with recent studies showing that L. japonicus is a
typical top predator in China’s coastal and offshore waters
(Islam et al., 2011; Li et al., 2021). It is worth noting that the
four fish species, as well as the zooplankton, bivalves, crabs, and
shrimps, had the lowest average trophic positions in the habitat
dominated by the invasive S. alterniflora habitat. Thus, we
hypothesize that S. alterniflora, despite its dense distribution
pattern and high biomass, transferred less primary productivity
to higher trophic levels. This is might because consumers rarely
ingest S. alterniflora directly (Wittyngham, 2021). In addition,
S. alterniflora detritus is largely buried in sediments as plant-
der ived carbon aff ec ted by the decompos i t ion of
microorganisms or washed to adjacent coasts due to tidal
dynamics, which both imply that its production is rarely
recycled to higher trophic levels (Yan et al., 2019; Zhang
et al., 2021).

Based on the trophic diversity revealed by the SIBER analysis,
the habitat dominated by invasive S. alterniflora showed weak
ecosystem functioning, as it had the lowest SEAc, CR, TA, and CD
values for carbon sources and for all consumers combined. This
suggests that there was a low separation in d13C values among
carbon sources in the habitat, and that consumers tended to have
similar niche signatures (Abrantes et al., 2014). Similarly, Feng
et al. (2018) found that communities in S. alterniflora habitat had
lower SEAc than natural mangrove forests, indicating significant
resource competition among different consumers in the S.
alterniflora habitat.
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We observed a large overlap among the ellipses for all
consumers combined in the S. salsa, S. alterniflora, and Z.
japonica habitats, indicating high competition in resource
utilization among consumers in the three habitats. In contrast,
consumers in these three habitats overlapped less with the
P. australis habitat, suggesting a large habitat heterogeneity
between the P. australis habitat and the three habitats. This
is probably mainly due to the composit ion of the
macroinvertebrate consumers, which were dominated by
insects in the P. australis habitat, but were dominated by
bivalves, gastropods, and polychaetes in the S. salsa, S.
alterniflora, Z. japonica habitats due to their living habits in
brackish water and saltwater (Dauer et al., 2010; Li et al., 2020).

Habitat Heterogeneity Created Highly
Variable Food Webs Along the
Topographic Gradient
Though insects, shrimps, and polychaetes showed little variation
across the four habitats, other consumers and the overall food
web trophic structure displayed high variation based on the SIAR
analysis. Zooplankton showed a much higher reliance on
phytoplankton in the S. alterniflora and Z. japonica habitats
than in the P. australis and S. salsa habitats, indicating that the S.
alterniflora and Z. japonica habitats are strongly influenced by
nutrition imports from the adjacent marine ecosystem (Heck
et al., 2008). Bivalves, as typical filter-feeding organisms, showed
dietary preferences for POM and phytoplankton, which is
consistent with previous studies (Atkinson et al., 2014; Li et al.,
2021). Gastropods showed a slight preference for direct feeding
on P. australis, S. salsa, and seagrass, but ca. 32% of the diet was
S. alterniflora. Similarly, Feng et al. (2014) found that gastropods
in a Spartina wetland derived more than 80% of their organic
carbon from Spartina. In agreement with previous studies
(Evrard et al., 2012; Kim et al., 2020), we also found that
gastropods relied greatly on SOM and the microphytobenthos.
Unfortunately, we did not sample epiphytes attached to plant
leaves, which have been determined to be one of the main energy
providers to gastropods, especially in seagrass meadows (Cook
et al., 2011; Voigt and Hovel, 2019). Crabs showed highly
generalist feeding in the Yellow River Delta coastal wetland, as
they fed on both pelagic and benthic carbon sources, as well as on
detritus and primary producers. Together with their high
abundance in coastal wetlands, crabs are a key component of
coastal food webs, and their trophic interactions play a
fundamental role in maintaining food web stability (Vermeiren
et al., 2015; Hoy et al., 2019).

Since we defined a trophic group as a species cluster that
shares the same prey and predators, we considered less complex
food webs than in some previous studies conducted in estuarine
and coastal wetlands (Vinagre and Costa, 2014; Careddu et al.,
2015; Mendonça et al., 2018). Despite the small variation in the
number of trophic groups, we found that other topological
properties differed along the topographic gradient. The linkage
density values of the four habitats (2.54 to 3.00) were lower than
previously reported values (ca. 2.5 to 3.8) in an estuary–coastal
system (Vinagre and Costa, 2014) and some other aquatic
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Li et al. Spatial Variability of Food Webs
ecosystems (Mor et al., 2018; Kortsch et al., 2019), but fell with
the range (1.6 to 25.1) for empirical food webs reported by
Dunne et al. (2002). We found that our seaside habitats had
higher values of the topological metrics than the higher-elevation
habitats, similarly, Vinagre and Costa (2014) found upper
estuary had the lowest values of linkage density than habitats
in the lower estuary. The proportion of omnivorous consumers
in our study ranged from 38 to 44%, which was much higher
than the values (11 to 20%) reported in a riverine ecosystem
(Mor et al., 2018) and (11 to 39%) in intertidal pools (Mendonça
et al., 2018), but lower than the reported range (45 to 65%) for
estuarine wetlands (Vinagre and Costa, 2014).

Implications for Coastal Wetland
Conservation and Management
Recent research on food web changes along a coastal
topographic gradient has been scarce (e.g., Robson et al.,
2017) compared to the number conducted along variable
environmental gradients in riverine ecosystems (Mor et al.,
2018), lacustrine ecosystems (van der Lee et al., 2021),
and marine ecosystems (Kortsch et al., 2015; Nordström and
Bonsdorff, 2017). This is an important research gap,
since coastal wetlands display significant variations in
environmental factors and biological signatures such as the
community composition, species stress tolerance, and trophic
niche width. Thus, the heterogeneous habitats should create
highly variable food web characteristics along coastal
environmental or geographic gradients, which agrees with
the results of our study. With the intensification of human
coastal activities such as seashore reclamation, ditch
diversion, and aquaculture, the habitat heterogeneity of
coastal wetland has been both, directly and indirectly,
decreased, leading to a decrease in species taxonomic and
functional diversity, and ultimately resulting in a more
homogeneous ecosystem with relatively similar food web
attributes (Feit et al., 2019; Li et al., 2019). This will
ultimately pose a major threat to biodiversity conservation,
ecosystem functions, and the maintenance of ecosystem
resilience (Thrush et al., 2008; Lohrer et al., 2015).

The invasive species S. alterniflora showed relatively weak
ecosystem functions compared with the adjacent communities
of native S. salsa and seagrass, especially in terms of the trophic
positions of consumers and the isotopically defined trophic
diversity. This suggests that S. alterniflora wetland has not
formed a healthy ecosystem and has not effectively performed
ecosystem functioning, even though the invasion began about
10 years before our study. Given the rapid expansion of this
species, with its area increasing by 50,204 ha during the past 25
years along the Chinese coastline (Mao et al., 2019), our results
suggest that more protective measures should be taken to limit
its spread and thereby protect or enhance the function of
coastal ecosystems. Recently, many studies have tried to
identify the effects of the invasion by S. alterniflora to better
control and remove the species (Ainouche and Gray, 2016;
Meng et al., 2020). Unfortunately, managing this species at an
ecosystem scale has proven difficult (Wails et al., 2021). Further
Frontiers in Marine Science | www.frontiersin.org 12
studies will be needed to investigate how ecosystem functions
such as energy transfer efficiency and ecosystem stability are
affected by the S. alterniflora invasion. The results should
provide new insights that will lead to the development of
more effective management strategies with practical and
attainable goals.
CONCLUSIONS

In this study, we combined the isotopically defined trophic
diversity from the SIBER analysis with the quantitative trophic
structure from the SIAR analysis to investigate the spatial
variation of empirically resolved food webs across variable
vegetated habitats along a coastal topographic gradient.
Although we didn’t reveal a continuous overall trend for
changes in the food web characteristics due to inconsistent
trends for different metrics of trophic diversity and structure,
we nonetheless observed that the d13C values of the carbon
sources and the d15N values of the consumers were both higher
in the seaside habitats than in the higher-elevation habitats. The
habitat dominated by invasive S. alterniflora had the lowest
values for most metrics in the SIBER analysis, indicating weak
ecosystem functioning in terms of the trophic niche
characteristics. The relative diet contributions for the
consumers varied greatly among the four habitats, except for
shrimps and polychaetes. The complexity of the food webs
increased along the gradient from upland to near-shore habitats
in terms of the species richness, the number of trophic links,
and the linkage density. In addition, the proportions of
intermediate consumers and omnivores and the average
trophic level also increased along this gradient. Overall, we
found that habitat heterogeneity formed highly variable food
webs along the topographic gradient. This knowledge will
enhance our abi l i ty to protect the coasta l habitat
heterogeneity, which plays a decisive role in maintaining
biodiversity and ecosystem functions. Based on our results,
we propose that more attention should be paid to the habitat
dominated by invasive S. alterniflora in China’s coastal
wetlands, and that adaptive and effective management should
be implemented at an ecosystem scale to mitigate the impacts of
this invasion.
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