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Abstract
Seagrass beds are important habitats in coastal areas but increasingly decline in area and quality, thus conservation measures 
are urgently needed. Quantitative food webs, describing the biomass distribution and energy fluxes among trophic groups, 
reveal structural and functional aspects of ecosystems. Their knowledge can improve ecological conservation. For the 
recently discovered large warm-temperate seagrass (Zostera japonica) habitat in China’s Yellow River Delta wetland, we 
used δ13C and δ15N measurements and a Bayesian isotope mixing model to construct its food web diagram with quantita-
tive estimations of consumer diet compositions, comprising detritus and 14 living trophic groups from primary producers 
to fish. We then estimated the quantitative food web fluxes based on biomass measurements and calculated corresponding 
ecosystem functions. Pelagic producers were significantly 13C-depleted compared to benthic sources. Consumers (except 
zooplankton) were increasingly 13C-depleted with increasing trophic positions even though the consumed benthic produc-
tion surpassed the pelagic one. Bivalves dominated consumer biomasses and fluxes and were the first to connect the pelagic 
and benthic pathways, whereas zooplankton and gastropods were specialized on the two pathways, respectively. We found 
flat biomass and production pyramids indicating low trophic transfer efficiencies. Generally, the energetic structure of the 
quantitative food web was consistent with the stable isotope analysis, and the estimated net primary production and most 
estimated production to biomass ratios of the trophic groups fell within literature ranges. This study provides a systematical 
understanding of the quantitative trophic ecology of a seagrass bed and facilitates synergistic knowledge on management, 
conservation, and restoration.

Introduction

Seagrass ecosystems form the foundation of one of the 
most important coastal wetlands due to their importance 
for blue carbon sequestration and other ecosystem services. 

However, the habitat area and biodiversity in many of these 
ecosystems are declining due to multiple stressors, such as 
sediment runoff, species invasions, aquaculture and global 
warming (Duarte et al. 2008; Carmen et al. 2019). One of 
the most pressing challenges is, therefore, to counteract this 
ongoing loss of biodiversity and concomitant threats to eco-
system services and stability (Mori et al. 2013).

Quantitative food webs (QFWs) have been widely used to 
quantify the responses of ecosystem structure and functions 
to human-induced or other environmental changes (Boit 
et al. 2012; Boit and Gaedke 2014; Mehner et al. 2016). 
They reconcile the relationships among biodiversity, food 
web complexity, and ecosystem stability (de Ruiter et al. 
1995; Thompson et al. 2012), and improve systematic eco-
logical restoration strategies for fragile ecosystems (Bell-
more et al. 2013; Cross et al. 2013).

Information on consumer diets is fundamentally impor-
tant to establish such QFWs. Stable isotope analysis (mostly 
δ13C and δ15N) constitutes a radical improvement to analyze 
diets that is now widely used to trace the pathways of matter 
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flows and determine the contributions of different sources 
to the nutrition of consumers (Vander Zanden et al. 1999; 
Schmidt et al. 2007; Christianen et al. 2017). The stable 
isotope signatures of a consumer reflect the isotopic val-
ues of the assimilated material and thus inform about the 
consumer’s feeding over a period of time (Post 2002). Most 
previous studies achieved mass balance in QFWs (Gauzens 
et al. 2018), e.g. using an inverse matrix commonly referred 
to as ecological network analysis (Vézina and Platt 1988), 
the Ecopath model (Christensen and Pauly 1992), or the food 
web energetics approach (de Ruiter et al. 1995). In all of 
these mass balanced approaches, it is necessary to describe 
the major ecological processes for each living compartment, 
comprising ingestion, excretion, respiration, and production 
(Gaedke 1995). To achieve a mass balance, the production 
of each compartment has to offset losses from predation and 
from non-predatory mortality resulting from inadequate 
nutrition, constraints imposed by the organism’s physical 
or chemical conditions, parasitism, or physiological death 
related to aging (Gaedke 2009).

According to a survey of seagrass habitats on Chinese 
coasts initiated in 2015, an unusually large discontinuous 
seagrass habitat (dwarf eelgrass, Zostera japonica), in total 
covering over 1000 ha, was discovered in the coastal shallow 
waters of the Yellow River Delta (YRD) wetland, northeast-
ern China (Zhang et al. 2019). Increased attention is cur-
rently devoted to this seagrass habitat, in particular regarding 
the consequences of the increased turbidity resulting from 
the high sediment runoff of the Yellow River, the invasion of 
smooth cordgrass Spartina alterniflora, and the habitat loss 
recorded by National seagrass surveys due to river channel 
improvements, aquaculture, and harvesting activities, etc., 
(Zhang et al. 2019).

In the present study, we conducted system-wide biomass 
measurements and a stable isotope analysis that enabled to 
construct a QFW of a seagrass bed in the YRD wetland 
assessing its flux structure and ecosystem functions such as 
primary and consumer production. Specifically, our goals 
were (1) to identify the food web diagram showing the rela-
tive contribution of different prey to the diet of the numerous 
consumer groups via stable isotope analysis, (2) to construct 
a QFW model and estimate the flux structure, and (3) to 
compare the QFW flux structure and corresponding estima-
tions of the trophic transfer efficiencies, the production to 
biomass ratio of each trophic group, and the net primary 
production with the literature. To the best of our knowl-
edge, the present study provides the first QFW for a warm-
temperate seagrass bed. Furthermore, we demonstrate that 
combining stable isotope analysis and QFW modelling is 
a powerful approach to analyse energetic patterns in food 
webs. It promotes understanding of complex interactions 
among trophic groups covering different trophic levels and 
the relative contributions of various trophic groups to the 

whole food web. Such knowledge facilitates strategies of 
systematical ecosystem management and conservation.

Materials and methods

Study area

The Yellow River Delta wetland (37° 35′ N to 38° 12′ N, 
118° 33′ E to 119° 20′ E) is located on the Pacific coast of 
northeastern China. Our studied seagrass bed (around 37° 
51′ 13″ N, 119° 06′ 10″ E, Fig. 1a) within this wetland is ca. 
20 km from the Yellow River mouth. The climate is warm-
temperate, with an annual mean air temperature of 12.9 °C 
and monthly average air temperatures ranging from − 3 °C 
in January to 27 °C in July. Annual rainfall and evaporation 
is 552 and 1962 mm, respectively (He et al. 2009). Tidal 
fluctuation is irregularly semidiurnal, with the range of the 
two successive tides being unequal (He et al. 2009). The 
mean tidal range is between 0.73 and 1.77 m. The water 
depth and salinity averaged 1 m and 29‰, respectively.

The study area was mainly covered by seagrass of Zostera 
japonica, and by the invading Spartina alterniflora leading 
to mixed communities in some areas near the embankment 
(Fig. 1b). Seagrass was still dominant at most study sites 
away from the embankment and close to the sea (Fig. 1c). 
Z. japonica is an annual submerged hydrophyte, with small-
flattened stems, while S. alterniflora is a perennial herba-
ceous plant, with emerged tall and dense stems.

Samples for biomass determination

Biomass samples were taken at the end of May and the 
end of July 2017 to cover most of the growing season. We 
sampled suspended particulate matter (SPM), microphyto-
benthos, seagrass, S. alterniflora, and macroinvertebrates at 
eight sampling sites along two linear transects with 600 m 
intervals between sites from the embankment to the sea 
(Fig. 1). Phytoplankton and zooplankton were collected at 
six of the eight sampling sites, excluding the two sites near-
est to the shore because of the low water level at low tide. 
Fish were collected in a tidal creek at six sampling points 
close to the phytoplankton and zooplankton sampling sites 
at the end of July 2017.

We acquired SPM by pre-filtering 1-L water samples 
from a Plexiglass water collector through a 200-μm mesh 
to remove large detritus, rinsed on glass-fiber filters (0.45-
μm Whatman GF/F), and then dried in an oven for 72 h at 
60 °C to obtain its dry weight. SPM was sampled during the 
tide going up when the sediments were easily suspended in 
the water column, thus, we did not sample benthic detritus 
independently but assume that it is included in our measure-
ments of SPM.
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Phytoplankton and zooplankton samples for biomass 
determination were collected from the Plexiglass water 
collector using 1 L for phytoplankton and 10 L for zoo-
plankton, with no mesh used for phytoplankton and a 
64-μm size mesh for zooplankton. We preserved the sam-
ples in Lugol’s solution, transferred them to the laboratory, 
and identified the taxa under an Olympus CX31 optical 
microscope (Olympus, Tokyo, Japan). For each phyto-
plankton taxon, we used the geometric shape closest to 
the actual cell shape to calculate the mean cell volume, 
which we then transformed into a wet weight (Hillebrand 
et al. 1999). Zooplankton biomass equaled the abundance 
(mean number of individuals per sample) multiplied by the 
average wet weight of the individual zooplankton (Gaedke 
et al. 2002). For the microphytobenthos, we collected the 
surface sediment to a depth of 20 mm with a syringe and 
placed them on ice in a cooler for transferring to the labo-
ratory in the dark. We determined the chlorophyll-a con-
centration in the surface sediment using high-performance 
liquid chromatography (Szymczak-Żyła et al. 2017), then 
estimated the microphytobenthos wet biomass assuming 
that the proportion of chlorophyll-a in the microphyto-
benthos wet weight is 0.5% (Kasprzak et al. 2008). The 
dry weight was assumed to be 15% of the wet weight for 

phytoplankton and microphytobenthos, and 19% for zoo-
plankton (Norland et al. 1987; Menden-Deuer and Lessard 
2000; Madin et al. 2001).

Plant samples (seagrass and S. alterniflora) were col-
lected at the eight sampling sites in three randomly cho-
sen quadrats (50 cm × 50 cm), respectively. Seagrass and S. 
alterniflora coexisted at three sites at the end of May and at 
four sites at the end of July, whereas only seagrass was found 
otherwise. Plant samples were dried in an oven for 72 h at 
60 °C to obtain their dry weight. Macroinvertebrates were 
collected at three random locations at each sample site, and 
the collections were mixed to provide a single bulked sam-
ple for each site. We sampled the macroinvertebrate when 
the tide went down, which allowed us to dig holes with a 
size of 0.25 m × 0.25 m × 0.3 m (length * width * depth). 
Then, we collected all sediment in the hole and rinsed it with 
water to pass through a 0.5-mm mesh extracting the organ-
isms > 0.5 mm. The organisms were cleaned again in the 
laboratory and preserved in a plastic bottle with 75% alcohol 
until identification to the species level. We then counted the 
number of individuals per species, oven-dried, and weighed 
the samples per species to obtained their dry weight. Since 
we used a mesh of 0.5 mm, we excluded meiobenthos in 
our analysis.

Fig. 1  a Photograph of the 
studied area of a seagrass bed 
in China’s Yellow River Delta 
coastal wetland, and loca-
tions of the eight sampling 
sites. Source: Google Earth. 
Photographs by the authors of 
representative vegetation com-
munities b near the embank-
ment and c close to the sea
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Fish were collected employing f ishing cages 
(length × width × depth: 4 m × 20 cm × 25 cm; mesh size 
10 mm) in tidal creeks near the sampling sites. The creeks 
in our study area typically have a mean width and depth of 
ca. 2 and 1 m, respectively. The fishing cages were placed 
into the creek at an angle to increase the probability of 
catching under the guidance of the local fisherman. The 
fishing cages collect different sizes of fish through multi-
ple entrances, and the captured fish could not escape from 
the cage. We counted the number of individuals per spe-
cies in the field. Then we transferred three representative 
individuals of each fish species to the laboratory for oven-
drying to determine the mean body dry weight to estimate 
the total dry weight per fishing cage.

We converted these values to biomass using the follow-
ing equation (Li et al. 2020):

where B is the fish biomass (g DW  m−2, DW means dry 
weight), C is the total catch in dry weight per fishing cage 
(g DW), D is the mean water depth (here, 1 m), v is the cur-
rent velocity (here, 1080 m  h−1; Zhang et al. 2016), t is the 
effective working time (here, 8 h), a is the opening area of 
the fishing cage (here, 0.4  m2, designed so that fish could 
enter but not escape), and q is the capture efficiency. We 
used q = 0.5 for Lateolabrax japonicus (Li et al. 2020), and 
for other fish species, q was scaled according to the ratios 
between their average body weight and the average body 
weight of L. japonicus. We acknowledge that this proce-
dure may only deliver a rather rough estimation of fish bio-
masses, due to e.g. the variability in fish species occurrence, 
the mobility of fish, limited sampling time and uncertainties 
in the conversion factors.

Many food web studies adopted a ‘trophic groups’ 
approach, in which trophic groups are defined as groups of 
taxa that share the same set of prey and predators (Dunne 
et al. 2002). Following previous food web analyses for 
aquatic ecosystems (Mao et al. 2016; Iglesias et al. 2017; 
Lischke et al. 2017), we divided all collected taxa into 15 
trophic groups (Table S1): SPM, phytoplankton (pelagic 
producers), microphytobenthos (benthic producers, BP), 
seagrass (BP), S. alterniflora (BP), zooplankton, gastro-
pods (macroinvertebrates I, dominated by Cerithidea sin-
ensis), bivalves (I, dominated by Moerella hilaris), crabs 
(I), polychaetes (I), shrimp (I), Planiliza haematocheila 
(fish, F), Cynoglossus semilaevis (F), Synechogobius hasta 
(F), and L. japonicus (F). We combined all gastropods 
and bivalves in two groups as they were both dominated 
by one component species (Table S1). We did so as well 
for polychaetes although there was no clear dominant spe-
cies given the trade-off between food web complexity and 

(1)B = (C × D)∕(v × t × a × q)

accuracy in diet compositions (Table S1, cf.  Bayesian 
isotope mixing model and see below).

Samples for stable isotope determination

Stable isotope samples were collected in late July 2017 
together with the biomass samples, but some isotope sam-
ples were treated differently from the biomass samples. 
Isotope samples from phytoplankton and zooplankton 
were collected by filtration through meshes with sizes of 
64 μm and 122 μm, respectively. Isotope samples for the 
microphytobenthos were collected by scraping them from 
the surface of stones in the tidal creek and then transferring 
them into small amounts of distilled water with a soft tooth-
brush (O’Gorman et al. 2017). All isotope samples (SPM, 
microphytobenthos, phytoplankton, and zooplankton) were 
rinsed into pre-combusted (450 °C for 6 h) glass-fiber filters 
(0.45-μm Whatman GF/F) for stable isotope determination 
(Mao et al. 2016). Leaves of seagrass and S. alterniflora 
were collected by hand and washed with distilled water, and 
all leaves (10–15 leaves) from a sample site were mixed 
to provide a single composite sample. Different pre-treat-
ments were applied to different macroinvertebrates before 
the stable isotopic analysis. For snails and other organisms 
that live in a shell, we separated the viscera from the shell. 
Crab muscle tissue was extracted from the large claws. For 
shrimp, we removed the entire shell, as well as the head and 
tail, and analyzed the muscle tissue. For other small organ-
isms, we used the entire body. For fish, we dissected white 
dorsal muscle tissue from three individuals per species for 
isotope detection.

In total, we collected 63 stable isotope samples (n = 3–10 
for each trophic group). The samples were oven-dried to 
constant weight at 60 °C and then ground into a fine powder 
using a mortar and pestle. Carbon and nitrogen isotopes were 
determined using a continuous-flow isotope-ratio mass spec-
trometer (Delta V Advantage, Thermo Scientific, Dreieich, 
Germany) coupled to an elemental analyzer (Flash EA1112 
Thermo Scientific, Monza, Italy). The isotope values were 
compared with the Vienna PeeDee Belemnite (VPDB) 
standard and with atmospheric  N2 for δ13C and δ15N, respec-
tively. Isotope ratios were expressed in the conventional δ 
notation as parts per thousand (‰):

(2)�
13C =

(

13C/12Csample

13C∕12CVPDB

− 1

)

× 1000

(3)�
15N =

(

15N/14Nsample

15N∕14Natmosphere

− 1

)

× 1000
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The analyzer was calibrated every 10 measurements, and 
the analytical precision of these measurements for δ13C and 
δ15N were 0.1‰ and 0.2‰, respectively.

We estimated consumer trophic positions according to 
their mean δ15N values (hereafter, the trophic position based 
on stable isotopes, TPSI) using the equation proposed by 
Vander Zanden et al. (1999)

where δ15Nconsumer is the δ15N value of the consumer and 
δ15Nbaseline is the mean δ15N value for zooplankton, gastro-
pods, and bivalves in this study. The assumed trophic enrich-
ment factor in δ15N is 3.4‰ (Post 2002). The TPSI of the 
basal sources were set to 1.

Bayesian isotope mixing model

We derived the potential prey groups for each consumer 
trophic group using published diet data based on gut con-
tent analysis or isotope signatures close to our study area (in 
Bohai Bay or the Bohai Sea) or more generally in estuary 
ecosystems and seagrass beds (see Table S1 and the Sup-
plementary information for the diet literature). Zooplankton 
(dominated by Copepoda, Table S1) relies on phytoplankton 
(dominated by diatoms, Table S1). The gastropod C. sinensis 
is a typical deposit feeder (grazer); therefore, the potential 
dietary components include seagrass, S. alterniflora, and 
microphytobenthos. Filter-feeding bivalves (dominated by 
M. hilaris) may strongly control phytoplankton abundance 
by their feeding activities (Dame and Dankers 1988), but 
do not affect Copepoda due to their high mobility (Holz-
man et al. 2005). Thus, the potential prey for bivalves are 
SPM and phytoplankton. Crabs were represented by Helice 
tientsinensis and Pyrhila pisum; the former is an intertidal 
crab widely distributed in the Yellow River Delta wetland 
(Cui et al. 2011), and the latter usually occurs near the sea 
(Kobayashi and Archdale 2017). According to similar stud-
ies on the same crab species (Kanaya et al. 2008; Quan et al. 
2012; Choi et al. 2017), we assumed that food sources for 
the crabs were seagrass, S. alterniflora, microphytobenthos, 
and bivalves. The observed polychaete species vary in their 
diet habits, e.g. deposit-feeding (e.g. Onuphidae, Capitelli-
dae, Lumbrineridae) and predatory feeding (e.g. Nereididae) 
(Christian and Luczkovich 1999; Luczkovich et al. 2002). 
Gut analyses revealed that their main food resources include 
phytoplankton, SPM, bivalves, and gastropods (Christian 
and Luczkovich 1999). Shrimp were collected at large juve-
nile or adult stages, with potential food sources comprising 
SPM, phytoplankton, zooplankton, and bivalves. Previous 
gut content and stable isotope analysis for P. haematocheila 
both indicated that it is an omnivorous fish feeding mainly 
on the surface of sediments in estuarine wetlands (Quan 

(4)TPSI = (�15Nconsumer − �
15Nbaseline)∕3.4 + 2

et al. 2010). Here, we considered microphytobenthos, sea-
grass, S. alterniflora, gastropods, bivalves, crabs, and poly-
chaetes as its potential diet. We used data from gut content 
analysis conducted in the Bohai Sea for C. semilaevis, S. 
hasta, and L. japonicus (Zhang et al. 2018). C. semilaevis is 
a large, fast-growing but low-fecundity fish that inhabits the 
Bohai Sea, where it feeds on bivalves, crabs, shrimp, and P. 
haematocheila, S. hasta and L. japonicus are widely distrib-
uted around the Bohai Sea and coastal areas, where they feed 
on benthic organisms and fish (crabs, polychaetes, shrimp, 
and P. haematocheila for S. hasta; and crabs, shrimp, P. 
haematocheila, and C. semilaevis for L. japonicus).

Bayesian isotope mixing models were successfully used 
to assess the quantitative contribution of different food items 
to the target consumers (Phillips and Gregg 2003; Moore 
and Semmens 2008; Parnell et al. 2010). Therefore, we used 
the SIAR package (Parnell et al. 2010) implemented in ver-
sion 3.6.1 of the R software. It describes the probability of 
the dietary proportion accounted for by each food resource 
using a Dirichlet prior distribution. We assumed a carbon 
trophic enrichment factor of 0.4 ± 1.3‰ and a nitrogen 
trophic enrichment factor of 3.4 ± 1.0‰ (Post 2002). We ran 
the SIAR model for 500,000 iterations for each consumer 
group to obtain the proportional contribution (%) of its 
potential food sources selected from literature. Based on the 
model’s output, feeding links were assigned only when the 
lower limit of the 50% confidence interval (mean ± z × SE, 
where z is the z-score that has a confidence interval of 50%) 
for the contribution of one source to the target consumer diet 
exceeded 5% (Careddu et al. 2015; Bentivoglio et al. 2016). 
This ensured that the results included weak but statistically 
possible links in the food web. Following this procedure, we 
established a food web diagram that accounts for all consum-
ers and their relevant food sources.

Based on the SIAR model output of diet relationships 
among trophic groups, we characterized the unweighted 
topology of the food web using 8 properties: link density, 
connectance, proportion of top species (that have no preda-
tors), proportion of intermediate species (that have both 
predators and prey), proportion of basal species (that do not 
consume other species), proportion of herbivores (that only 
consume basal species), proportion of omnivores (that feed 
on basal species and primary consumers), and proportion 
of carnivores (that feed on other consumers). We obtained 
these topological properties of the food web using the Net-
work3D software (Williams 2010).

Quantitative food web model

We constructed the quantitative food web (QFW) by bal-
ancing the energy fluxes following de Ruiter et al. (1995), 
assuming that the steady-state production of each trophic 
group must balance its total loss:
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where Pj is the production of trophic group j (g DW 
 m−2  yr−1), Fj is the ingestion of group j (g DW  m−2  yr−1), aj 
is the assimilation efficiency (the ratio between assimilation 
and ingestion, dimensionless), pj is the production efficiency 
(the ratio between production and assimilation, dimension-
less), Mj is the mortality caused by predation on group j (g 
DW  m−2  yr−1), dj is the specific death rate resulting from 
non-predatory mortality  (yr−1) and Bj is the average biomass 
of group j (g DW  m−2) based on field sampling.

Since some predators feed on several prey groups, we 
considered the composition of the diet when calculating the 
ingestion by trophic group j on a particular food source i:

where Fij is the ingestion of trophic group j on prey i (g DW 
 m−2  yr−1) and fij is the mean diet proportion (dimensionless) 
for ingestion of food resource i by consumer j based on the 
SIAR model output. We assumed that the predation mortal-
ity (Mj) for top predators equaled zero, so we calculated Fj 
and Fij starting from top predators and moving towards the 
lowest trophic level in the web.

Consumer trophic positions based on the QFW (TPQFW) 
were quantified following the method of Gaedke (2009). 
This measure equals 1 plus the weighted average of the 
trophic positions of the prey species, where the weighting is 
given by the diet fractions:

where Ωj is the prey of consumer j.
The pyramids of biomass and production along trophic 

levels were derived from the QFW. Biomasses of SPM and 
primary producers were used to define the base of the pyra-
mid, and the contribution of each consumer group to a par-
ticular trophic level was determined by its diet composition 
and that of their prey (Gaedke 2009). We used the same 
approach for the production pyramid. The trophic transfer 
efficiency (TTE, dimensionless) is defined as the ratio of the 
production at a given trophic level to the production at the 
next lower trophic level (Boit and Gaedke 2014).

We also calculated the production to biomass ratio (P/B, 
 yr−1) to assess the metabolic activity of each trophic group:

The QFW delivers an estimate of the net primary produc-
tion (NPP) required to cover the ingestion of all consumers. 
In addition, a major fraction of the autotroph production is 
exported, decomposed or stored within the system. We esti-
mated the total NPP required to cover all losses by assum-
ing that 41%, 43%, 19%, and 31% of the phytoplankton, 

(5)Pj = Fjajpj = Mj + djBj

(6)Fij = fijFj

(7)TPQFW,j = 1 +
∑

i∈Ωj

TPQFW,ifij

(8)(P∕B)j = (Fj × aj × pj)∕Bj = (Mj∕Bj) + dj

microphytobenthos, seagrass, and S. alterniflora, respec-
tively, is directly consumed (Duarte and Cebrián 1996). 
SPM was not considered in the NPP estimation. We then 
compared the total estimated NPP with literature values.

We first constructed a QFW (cf. Fig. S1) assuming con-
sumer assimilation and production efficiencies as provided 
in Table S2 and a specific death rate of the two top preda-
tors resulting from non-predatory mortality of 0.33  yr−1 
(Table S2) based on the measured maximum lifespan of 
these species (Randall and Minns 2000). The specific 
death rates of intermediate consumers were roughly esti-
mated from published data for aquatic and soil food webs 
(Table S2; de Ruiter et al. 1995; Kuiper et al. 2015; van 
Altena et al. 2016). Subsequently, we evaluated the resulting 
TTE (cf. Fig. S3), P/B ratio of each group (cf. Table 1), and 
the NPP (cf. Table 2). Given the resulting rather high P/B 
ratios and NPP of the constructed QFW relative to literature 
values (cf. Tables 1, 2), we reduced the specific death rates 
of intermediate consumers to 50% of the literature values. 
After recalculating the QFW fluxes (cf. Figure 4) and cor-
responding production pyramid (cf. Figure 5), we found that 
reducing the specific death rates had little effect on the QFW 
flux structure and relative contributions to overall consumer 
production (comparing Fig. 4 with Fig. S1, and Fig. 5d with 
Fig. S3B). The resulting P/B ratios (cf. Table 1) and NPP 
(cf. Table 2) of the reconstructed QFW were more in line 
with published values (cf. Tables 1, 2), since the consumers 
require a lower energy input to balance the reduced specific 
death rates at equilibrium. Therefore, we focus subsequently 
on this QFW. All calculations were performed using the ver-
sion 2019b of the MATLAB software.

Results

Stable carbon and nitrogen isotopes of trophic 
groups

We established the δ13C and δ15N values of 15 trophic 
groups from a seagrass bed in the Yellow River Delta wet-
land in late July 2017 (Fig. 2, Table S3). The δ13C and δ15N 
values of the basal sources (comprising suspended particu-
late matter (SPM) and four primary producers) varied sig-
nificantly (Fig. 2a, one-way ANOVA, for δ13C, F4,20 = 100, 
p < 0.001; for δ15N, F4,20 = 7, p = 0.002). The most 
13C-depleted basal source was the only pelagic producer, 
phytoplankton (-22.3 ± 1.1‰, mean ± SD for the δ13C val-
ues across all samples, Table S3), with a value significantly 
lower than that of all other sources (Tukey’s HSD, p < 0.001; 
Table S3). SPM was the most 13C-enriched group and its 
δ13C value was very close to that of seagrass (− 11.7 ± 0.4‰ 
and − 11.5 ± 1.2‰, respectively), implying that the SPM 
mainly originates from the detritus of seagrass. Thus, we 
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consider SPM as a basal source of the benthic pathways as 
well. The δ13C value of seagrass did not differ significantly 
from that of microphytobenthos, but from that of Spartina 

alterniflora (Tukey’s HSD, p = 0.001). The δ15N of the 
basal sources ranged from 2.5 ± 0.04‰ for phytoplankton 
to 5.3 ± 1.2‰ for SPM. Phytoplankton had a significantly 

Table 1  Comparison of the production to biomass (P/B) ratios of consumer trophic groups with previously published values

P/B ratios were derived from the two quantitative food webs (cf. Figures 4, S1) constructed using the specific death rate values of intermediate 
consumers from the literature and 50% of the values from the literature, respectively (cf. materials and methods and Table S2)
a Xu et al. (2011a)
b Baeta et al. (2011)
c Patrício and Marques (2006)
d Xu et al. (2011b)
e Milessi et al. (2010)
f Tecchio et al. (2015)
g Zheng and You (2014)
h Jiang and Gibbs (2005)
i de Mustsert et al. (2012)
j Harvey et al. (2012)
k Coll et al. (2009)
l Du et al. (2015)

Trophic groups P/B  (yr−1) Literature value

50% of the literature values of con-
sumer specific death rate (cf. Figure 4)

Literature values of consumer 
specific death rate (cf. Fig. S1)

Phytoplankton 241 433 118a;  135b;  185c;  190d;  250 h;  429e

Microphytobenthos 147 250 33–35b;  37e;  40b;  100j

Seagrass 0.80 1.39 2.5b

Spartina alterniflora 0.70 1.18 –
Zooplankton 16 30 18d;  22bc;  25ag; 38–53f

Gastropods 1.28 2.26 1.1–2.1b; 1.1 k; 1.6–1.8f; 1.75a;  2 h; 2.52d

Bivalves 1.48 2.65 0.9–1b; 1–1.1f; 1.1 k; 1.75a;  2 h; 2.52d

Crabs 1.49 2.42 2.1a; 2.5e; 2.4–3i;  4d; 4.9 h;
Polychaetes 5.01 6.02 2.2–9.5b; 3.8d; 5.9e

Shrimp 5.78 6.75 1.8d; 2.4–3i; 3.2 k; 4.9 h; 8.3 g

Planiliza haematocheila 6.35 6.50 0.9 g; 2.3d

Cynoglossus semilaevis 3.51 3.60 3.55 l

Synechogobius hasta 0.33 0.33 Table S2
Lateolabrax japonicus 0.33 0.33

Table 2  Comparison of 
our estimated net primary 
production (NPP) values with 
the range of most seagrass beds 
in the literature

Our NPP values were estimated by the two quantitative food webs (cf. Figures 4, S1) constructed using the 
specific death rate values of intermediate consumers from the literature and 50% of the values from the lit-
erature, respectively (cf. materials and methods and Table S2)
a Converted from the range 0.5–2.0  gC   m−2   day−1 for most seagrass beds with seagrass bio-
mass > 50 g DW  m−2

System NPP (only seagrass)
(g DW  m−2  yr−1)

NPP
(g DW  m−2  yr−1)

Source or derived from

50% of the literature values 
of consumer specific death 
rate (cf. Figure 4)

846 2237 Estimates from quanti-
tative food web

Literature values of consumer 
specific death rate (cf. Fig. 
S1)

1471 3929

Seagrass beds a 360–1460 Mateo et al. (2006)
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lower value of δ15N than SPM (Tukey’s HSD, p = 0.002, 
Table S3), microphytobenthos (Tukey’s HSD, p = 0.02), and 
S. alterniflora (Tukey’s HSD, p = 0.02).

Consumers showed also a significant separation in 
δ13C (Fig.  2a, one-way ANOVA, F9,41 = 11, p < 0.001), 
with zooplankton showing the most 13C-depleted value 
(− 21.8 ± 1.0‰), close to the value for phytoplankton. The 
macroinvertebrates had values ranging from − 16.6 ± 2.9 
to − 12.0 ± 1.5‰, and the fish had values ranging from 
− 19.5 ± 0.8 to − 16.3 ± 2.3‰. Zooplankton had a signifi-
cantly lower δ13C than the other consumer groups (Tukey’s 
HSD, p < 0.05, Table S3), except for Lateolabrax japoni-
cus. Gastropods were the most 13C-enriched consumer in 
our study area, but did not differ significantly in δ13C from 
crabs (Tukey’s HSD, p = 0.08) and polychaetes (Tukey’s 
HSD, p = 0.5). The consumer δ15N values also differed sig-
nificantly (Fig. 2a, one-way ANOVA, F9,41 = 29, p < 0.001), 
and covered a wide range, with values for the macroinver-
tebrates ranging from 7.0 to 10.4‰, and fish ranging from 
10.4 to 13.6‰. Zooplankton was the most 15N-depleted con-
sumer (p < 0.05, Table S3). The predatory fish L. japonicus 
(13.7 ± 0.5‰) and Synechogobius hasta (13.4 ± 0.9‰) had 
significantly higher δ15N values than the macroinvertebrates 
(p < 0.05).

The δ13C and δ15N signatures of the trophic groups 
showed a clear pattern along with their trophic positions 
based on stable isotopes (TPSI) (Fig. 2b, c). As expected, 
the δ15N values of the trophic groups increased significantly 
with increasing TPSI (Fig. 2b). Furthermore, the δ13C values 

of the trophic groups decreased significantly with increasing 
TPSI, except for phytoplankton and zooplankton (Fig. 2c). 
This correlation suggests that consumers (except zooplank-
ton) gradually rely more on pelagic sources with increasing 
trophic position.

Food web diagram based on the Bayesian isotope 
mixing model

Based on the potential feeding links suggested by the lit-
erature (cf. materials and methods, Table S1) and the δ13C 
and δ15N measurements evaluated with a Bayesian isotope 
mixing model (SIAR model), we constructed a food web 
diagram for the seagrass bed in which the links reflect the 
relative contributions of the various prey groups to each 
consumer’s diet (Fig. 3). In total, we found 37 relevant links 
among the 15 trophic groups in the food web, with a linkage 
density of 2.47 and a connectance of 0.16 falling into the 
low and intermediate part of the normal range of 1.6–25.1 
and 0.03–0.32 of empirical food webs, respectively (Dunne 
et al. 2002). Among the trophic groups, 33%, 54%, and 13% 
of them belonged to the basal, intermediate, and top spe-
cies, respectively. Specifically, 20% of all trophic groups 
were herbivores, i.e. zooplankton, gastropods, and bivalves; 
27% were omnivores, i.e. crabs, polychaetes, shrimp, and 
Planiliza haematocheila; and 20% were carnivores, i.e. the 
remaining 3 fish species. Overall, bivalves had the largest 
number of predator taxa (n = 5) and P. haematocheila had 
the largest number of prey taxa (n = 7) in the food web.

Fig. 2  a Stable isotope compositions (δ13C and δ15N, mean ± 1 SD) 
for the 15 trophic groups collected from a seagrass bed in China’s 
Yellow River Delta coastal wetland. TPSI is the trophic position based 
on the stable isotope ratio. b, c Linear regression of mean δ13C and 
δ15N values for all trophic groups against the corresponding TPSI, 
except for the δ13C values of phytoplankton (Phyt) and zooplankton 
(Zoop). Abbreviations of trophic groups from first trophic level to top 

level: SPM suspended particulate matter, Phyt phytoplankton, Micr 
microphytobenthos, Seag seagrass, Spar Spartina alterniflora, Zoop 
zooplankton, Gast gastropods, Biva bivalves, Crab crabs, Poly poly-
chaetes, Shri shrimp, Plan Planiliza haematocheila, Cyno Cynoglos-
sus semilaevis, Syne Synechogobius hasta, Late Lateolabrax japoni-
cus 
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Most consumer groups relied on a broad and relatively 
evenly distributed diet composition, except for zooplankton, 
relying exclusively on phytoplankton, i.e. the pelagic pathway, 
and gastropods depending to 60% on seagrass and to another 
40% on other benthic sources (Fig. 3).

The longest food chains were 6, arising either from 
two benthic or a pelagic food chain: microphytobenthos 
(or seagrass, or S. alterniflora) → gastropods → poly-
chaetes → P. haematocheila → C. semilaevis → L. japonicus 
or SPM → bivalves → polychaetes → P. haematocheila → C. 
semilaevis → L. japonicus, or from the pelagic pathway: phyto-
plankton → bivalves → polychaetes → P. haematocheila → C. 
semilaevis → L. japonicus. Bivalves firstly connected the 
pelagic and benthic pathways by consuming both, phytoplank-
ton and SPM (Fig. 3).

Observed biomasses and quantitative food web flux 
structure

Seagrass and S. alterniflora had high biomasses (201 ± 68 
and 100 ± 122 g DW  m−2, respectively, mean ± SD across all 
sampling sites sampled in late May and late July 2017), and 
together accounted for 93% of the basal biomass. Seagrass 
biomass was significantly higher than that of all other trophic 
groups (Tukey’s HSD, p < 0.001, Table S4). Bivalves had the 
highest biomass among all consumers (76 ± 27 g DW  m−2), 
followed by gastropods (30 ± 19 g DW  m−2), which together 
accounted for 94% of all herbivore biomass and 89% of all 
consumer biomass. The biomasses of the other trophic 
groups were lower than 2  g  DW   m−2, except for SPM 
(18 ± 3 g DW  m−2) and crabs (10 ± 12 g DW  m−2).

Fig. 3  Food web diagram for the seagrass bed in China’s Yellow 
River Delta coastal wetland. The arrows represent the trophic feed-
ing links from prey to predator, and are scaled according to the diet 
composition of the respective consumer (that is, thicker arrows repre-

sent greater proportions). The number near a link represents the rela-
tive contribution of the prey item to the target predator’s consumption 
based on the Bayesian isotope mixing model
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The distribution of the fluxes in the QFW (Fig. 4) was 
non-random and followed a log-normal distribution (Fig. 
S2a). The majority of the ingested biomass was not con-
verted into new production but mostly lost due to excretion 
(57%), followed by respiration (27%), and non-predatory 
mortality (10%) in the QFW. The total ingestion of each 
consumer group was highly predictable from its trophic 
position, as about 87% of the variation is explained by the 
TPQFW (linear regression, R2 = 0.88, p < 0.001, Fig. S2b). 
Accordingly, herbivores contributed 87% to the total con-
sumer ingestion. Consumer ingestion was sustained to 36% 
by pelagic production (i.e. phytoplankton), and to 64% by 
benthic production originating from microphytobenthos, 
seagrass, S. alterniflora, and SPM which originated mostly 
from seagrass (Figs. 4, 5). Of the consumed pelagic produc-
tion, 19% were used by zooplankton specialized on this food 
source, and 79% were taken up by bivalves which consumed 
additionally 56% of the benthic production. Thus, bivalves 

linked the pelagic and benthic food chain already at a low 
trophic level and dominated the consumer fluxes in the entire 
food web. In contrast, gastropods representing the second 
quantitatively most important macroinvertebrate group, 
were specialized on benthic sources, consuming 34% of their 
edible production. Zooplankton production was either trans-
ferred to shrimp (21%) or lost by substantial non-predatory 
mortality. Bivalves were mainly consumed by crabs (64%), 
and gastropods by polychaetes (71%). The production avail-
able to fish originated similarly from the pelagic and benthic 
pathways (ca. 45% vs 55%) except for P. haematocheila rely-
ing to 79% on the benthic pathway. 

Combining the observed biomasses with the trophic posi-
tions derived from the QFW results in a rather flat biomass 
pyramid, with the total biomass at trophic level 1 being 2.8 
times that at trophic level 2, and 58 times that of all higher 
trophic levels (Fig. 5). The ingested production of basal 
sources in the corresponding production pyramids was 6 

Fig. 4  Quantitative food web of a seagrass bed in China’s Yellow 
River Delta coastal wetland, which was constructed by setting the 
specific death rate values of intermediate consumers at 50% of the 
values from the literature (cf. Table S2). Each trophic group is rep-
resented by a box and the number provides its biomass (g DW  m−2). 
Blue arrows indicate the ingestion of a given prey by the predator, 

and the numbers provide the quantity (g DW  m−2  yr−1). Numbers at 
the left side of  indicate the respiration, underlined numbers under 
╧ indicate the excretion, and numbers located at the left of  indi-
cate the non-predatory mortality of the trophic group (all in g DW 
 m−2  yr−1). Widths of the blue arrows,  , ╧, and  are proportional 
to the values of the fluxes
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times the production at trophic level 2, and 106 times the 
production at all higher trophic levels (Fig. 5). Thus, the TTE 
decreased strongly with increasing trophic level, with values 
ranging from 16 to 2% (Fig. 5).

We obtained the production to biomass (P/B) ratios for all 
living trophic groups (Table 1). The calculated P/B value of 
phytoplankton was ca. 290 and ca. 320 times the values for 
seagrass and S. alterniflora, respectively, and ca. 1.5 times 
the value for microphytobenthos. The calculated P/B ratios of 
zooplankton, gastropods, bivalves, and crabs were similar to 
previous studies. The P/B values for polychaetes and shrimp 
were much higher than those for the other macroinvertebrates 
and generally higher than those in the literature due to a rela-
tively high top-down effect of their predators and a relatively 
low bottom-up effect from their prey (Fig. 4). The relatively 

high P/B values for P. haematocheila and C. semilaevis were 
due to predation by the top predators S. hasta and L. japonicus.

Our estimated NPP value based on the QFW specifically 
for seagrass (846 g DW  m−2  yr−1) was within the range from 
360 to 1460 g DW  m−2  yr−1 suggested for most seagrass beds 
with seagrass biomass > 50 g DW  m−2 (Table 2; Mateo et al. 
2006). The estimated NPP value of the QFW constructed 
using the specific death rate values of intermediates consum-
ers from literature was slightly above the upper limit of the 
range (Table 2).

Fig. 5  a Biomass pyramid and c production pyramid with corre-
sponding trophic transfer efficiencies (TTE) from a seagrass bed in 
China’s Yellow River Delta coastal wetland based on the quantitative 
food web (cf. Figure 4). Here, the production of each trophic group 
indicates the required production offsetting its predatory losses (if 
any) and its non-predatory loss. The horizontal bars are scaled log-

arithmically. Bold black numbers provide the non-transformed total 
a biomass (g  DW   m−2) and c production (g  DW   m−2   yr−1) at each 
trophic level. Bold blue numbers are the TTE. b, d Contribution of 
each trophic group to the total biomass and production at each trophic 
level, respectively. Proportions greater than 5% are labeled. For 
abbreviations of trophic groups, see Fig. 2
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Discussion

Our measurements of organismal biomasses and their sta-
ble isotope signatures combined with establishing a quan-
titative food web (QFW) of a seagrass bed in the Yellow 
River Delta (YRD) wetland provides a whole food web 
study with reasonable quantitative estimates of consumer 
diet compositions and fluxes among trophic groups. The 
QFW reveals that the consumed benthic production sur-
passed the pelagic one (64% vs 36%). Zooplankton and 
gastropods were specialized grazers of the pelagic and 
benthic pathways, respectively, whereas all other groups 
relied on both pathways. Bivalves, dominating the entire 
fluxes, strongly connected the two pathways, and consumer 
groups (except zooplankton) at higher trophic positions 
gradually depended increasingly on pelagic sources. 
Whole food web studies are extremely data demanding and 
thus involve inevitably numerous assumptions for indi-
vidual parameters. Subsequently, we compare our findings 
in respect to individual groups and the food web energetic 
as a whole with previous studies.

The δ13C and δ15N values of our collected trophic 
groups fell within the ranges of previously reported val-
ues for seagrass beds or coastal wetlands (Moncreiff and 
Sullivan 2001; Vizzini et al. 2005; Vafeiadou et al. 2013). 
For example, our seagrass δ13C value (− 11.7 ± 0.4‰) 
was close to the most frequently found values in 31 pre-
vious studies, ranging from − 10 to − 11‰ (Hemminga 
and Mateo 1996). It is well established that δ13C values 
allow to distinguish between benthic and pelagic food 
sources for coastal consumers (France 1995; Bode et al. 
2006; Fry et al. 2008; Bouillon et al. 2011). For exam-
ple, the average δ13C values for benthic microalgae were 
more 13C-enriched than for phytoplankton, and this pattern 
was reflected in invertebrates and fish mainly feeding on 
either benthic or pelagic sources (France 1995). In line, we 
found 13C-enriched values for microphytobenthos, plants, 
and benthic consumers and 13C-depleted values for phyto-
plankton and zooplankton. Our bivalves were consistently 
13C-depleted relative to gastropods as reported by Mallela 
and Harrod (2008) and Docmac et al. (2017). Our increas-
ingly 13C-depleted values of consumer groups at higher 
trophic positions suggest lower trophic transfer efficiencies 
in benthic than pelagic pathways (Lischke et al. 2017), 
e.g. the production of gastropods, dominating benthic 
fluxes, might be transferred to higher trophic levels with 
low efficiency. The assumed high non-predatory mortal-
ity of zooplankton might indicate that we underestimated 
the predation pressure by zooplanktivores. In addition, the 
increasing 13C-depletion of consumers at higher trophic 
levels (e.g. fish species) may also imply that a part of their 
food originates from the open sea, where phytoplankton 

is the dominant primary producer (Martinetto et al. 2006; 
Christianen et al. 2017). In general, coastal seagrass eco-
systems are generally influenced by imports and exports to 
and from marine and terrestrial habitats. Active movement 
and passive transport of nutrients, detritus, prey and con-
sumers between the two habitats may have a major impact 
on food web productivity and energetics (Valentine et al. 
2002; Melville and Connolly 2005).

Our measured seagrass biomass was higher than the 
annual average value of seagrass meadows in YRD reported 
by Zhang et al. (2019), presumably due to the seagrass bed 
being most extensive in summer (our sampling season). It 
was similar to the average biomass of 29 temperate seagrass 
beds sampled in summer (Olesen and Sand-Jensen 1994), 
higher than the average above-ground biomass of 16 eel-
grass meadows along the Baltic Sea coastline (Boström et al. 
2003) and lower than some tropical meadows (Carlo and 
Kenworthy 2008; Ávila et al. 2015). Microphytobenthos 
biomass was much lower than that in an intertidal seagrass 
bed along the French Atlantic coast due to the influence of 
the long duration of low tide (Lebreton et al. 2012). Presum-
ably due to the relatively high turbidity in our study area, 
biomasses of phytoplankton and zooplankton were lower 
than that in the adjacent Bohai bay (Zheng and You 2014). 
Our measured biomasses of gastropods and bivalves were 
much higher than the biomass of Mollusca in the low marsh 
of YRD wetland (Qiu et al. 2019) likely due to the enhanced 
rates of recruitment within seagrass canopies and shelter 
from predators. Otherwise macroinvertebrates had similar 
biomasses except for the low biomass of polychaetes. The 
biomasses of our herbivorous and omnivorous macroinver-
tebrates were higher and lower, respectively, than that in 
Zostera marina meadows at the Swedish northwest coast 
(Baden et al. 2012). The sampled fish species are well rep-
resented in the fish community in the studied area (Liu et al. 
2018). Our fish biomass was higher than that in the creeks 
closer to land in the YRD, i.e. the middle and high marsh 
wetland (Li et al. 2020), and lower than in some temperate 
and tropical seagrass beds (Pihl et al. 2006; Jelbart et al. 
2007; Moussa et al. 2020).

The dominance of bivalves in respect to consumer bio-
masses and fluxes is consistent with many previous stud-
ies (Luczkovich et al. 2002; Schlacher and Connolly 2009; 
Atkinson et al. 2014). Their dense populations may strongly 
deplete phytoplankton biomass (Nielsen and Maar 2007). 
Thus, filter-feeding bivalves substantially link the pelagic 
and benthic pathways, by transferring phytoplankton produc-
tion to predominantly benthic consumers (Gergs et al. 2009; 
Kathol et al. 2011; Basen et al. 2013) for which they repre-
sent a suitable food source (Roditi et al. 1997), e.g. crabs, 
polychaetes, and some fish. Thus, in our web pelagic–ben-
thic coupling starts already at a low trophic level compared 
to some lake ecosystems, where only fish residing at least 
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at the third trophic level bridges substantially among both 
pathways (Vadeboncoeur et al. 2002; Lischke et al. 2017).

Gastropods, representing the second most important con-
sumer group in respect to biomasses and consumer fluxes in 
our food web, strongly selected microphytobenthos, which 
contributed 22% to their diet despite its marginal biomass 
compared to the higher plants. This is in line with findings 
that the grazing activity of gastropods strongly suppresses 
epiphytes growing on seagrass leaves (Schanz et al. 2002; 
Boström et al. 2006). Given that we cleaned the seagrass 
leaves prior to stable isotope analysis, our results suggest 
that gastropods can also directly consume seagrass. This is 
in agreement with measurements revealing that seagrass-
associated gastropods directly ingest and digest living leaf 
tissue (Holzer et al. 2011a), suggesting that the grazing can 
rupture plant cell walls, providing access to the more nutri-
tious cell content (Holzer et al. 2011b). The grazing effect 
of herbivorous fish was low in our food web, which is in 
line with White et al. (2011). In contrast, high grazing rates 
of herbivorous fish were reported from some temperate or 
tropical seagrass meadows (Tomas et al. 2005; Valentine 
and Duffy 2006), e.g. Scarus guacamaia can graze heavily 
on Thalassia testudinum seagrass.

Previous studies showed that in relatively turbid seagrass 
beds, consumers relied on a combination of food sources 
including seagrass, microphytobenthos, phytoplankton, and 
plants (Abrantes and Sheaves, 2009), which also holds for 
our study. We estimated a low contribution of seagrass to 
the energy fluxes, compared to that of phytoplankton (14% 
vs 36%). This may appear counterintuitive for a seagrass 
ecosystem, but is consistent with comparable studies (Mateo 
et al. 2006; Heck Jr et al. 2008; Lebreton et al. 2012) and 
can be explained by the high edibility and production to 
biomass (P/B) ratio of phytoplankton (Duarte and Cebrián 
1996). In contrast, a substantial proportion of vascular plant 
carbon enters coastal and estuarine food webs through the 
microbial decomposition of detritus (Kristensen et al. 2008). 
The invaded Spartina alterniflora did not play a critical role 
in the energy fluxes, except for the high contribution to the 
diet of crabs. Its tall and intense stands are thought to offer 
favorable refuge conditions and substantial food sources for 
the crabs (Wang et al. 2008; Cui et al. 2011). Epiphytes 
attached to seagrass leaves are consumed by most consumers 
in many temperate and tropical seagrass beds (e.g. Mon-
creiff and Sullivan 2001; Connolly et al. 2005; Jaschinski 
et al. 2008). Some studies highlighted the importance of 
microphytobenthos in intertidal seagrass beds due to its high 
resuspension by tidal fluctuations (Lebreton et al. 2012), 
which is in line with our study.

The energetic structure of our QFW was consistent with 
that inferred from the δ13C and δ15N values, since the trophic 
positions of consumer groups based on δ15N (TPSI), using 
the average value for zooplankton, gastropods, and bivalves 

as baseline, strongly correlated with the trophic positions 
based on the QFW (TPQFW) (Fig. S4). The goodness of fit 
further increases if only gastropods and bivalves are used 
to calculate the baseline. They may provide a more suitable 
baseline than zooplankton, since they integrate temporal diet 
variation in the isotopic signatures due to their relatively 
long lifespan (Nilsen et al. 2008). The TPQFW values of some 
consumer groups were slightly lower than their TPSI values, 
especially for shrimp, suggesting that we occasionally over-
looked organisms and thus their feeding relationships in the 
QFW. This might be relevant for the transfer of zooplank-
ton production to higher trophic levels and potentially also 
for meiobenthos. Besides, the slight differences in trophic 
positions may also result from the variability in the trophic 
enrichment factor for different trophic groups, varying in 
body size and life span, and the type of tissue used for stable 
isotope detection (Nilsen et al. 2008).

The trophic transfer efficiency (TTE) averaged ca.7% 
across all trophic levels in our study, which is similar to the 
value of 8.6% for China’s Yangtze River basin (Guo et al. 
2013), but substantially lower than the values established 
for a planktonic food web in a large lake ranging from 20 to 
33% (Boit and Gaedke 2014). The decrease of the TTE with 
increasing trophic levels from 16 to 2% in our study reflects 
the increasing share of fish with their relative high respira-
tory losses compared to invertebrates.

Our study considers the food web energetics during sum-
mer and can thus not inform about seasonal variations in 
food web properties highlighted by Ouisse et al. (2012). 
In addition, seagrass is accessible to birds during low tide 
(Bessey and Heithaus 2013), but we lack quantitative bird 
counts in our study. Including them in future studies is rec-
ommended, because, e.g., geese and ducks directly graze 
on temperate seagrass coinciding with a biomass decline in 
winter (Ganter 2000; Rivers and Short 2007). For example, 
at European seagrass meadows, the feeding activity of water-
fowl reduced seagrass biomass by more than 50% during the 
winter (Nacken and Reise 2000).

Conclusion

Our analysis provides the first whole food web study with a 
robust food web structure and reasonable quantitative esti-
mates of fluxes and ecosystem functions in a warm-temper-
ate seagrass bed. Combining stable isotope analysis with a 
quantitative food web model yielded consistent energetic 
pattern, which provides an example of how biological com-
munities are shaped and function in seagrass ecosystems. 
The complex predator–prey interactions among trophic 
groups and the resulting trophic transfer of energy determine 
which trophic groups and feeding interactions play a deci-
sive role in the whole ecosystem. Such knowledge promotes 
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sustainable management and conservation strategies for sea-
grass beds under increasing anthropogenic stressors.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00227- 021- 03878-z.

Acknowledgements This study was supported by the National 
Key R&D Program of China (No. 2018YFC1406404 and No. 
2017YFC0404505), the NSFC-Shandong Joint Fund (No. U1806217), 
and the Interdisciplinary Research Funds of Beijing Normal Univer-
sity. X.X. Li is grateful to the China Scholarship Council (CSC) for 
their financial support to study abroad (No. 201906040070). We are 
indebted to Jun Pei, Ziyue Zhang, and Xianting Fu for invaluable field 
assistance. We thank Peter C. de Ruiter and Laurie Wojcik for helpful 
comments on the manuscript. We also thank Geoffrey Hart for provid-
ing language help during the writing of this paper.

Author contributions All authors have reviewed the manuscript and 
approved its submission. XL, UG and WY conceived the study, and XL 
performed the field sampling and the model analyses under the joint 
supervision of UG, WY, and TS. The manuscript was written by XL 
in close cooperation with UG, and valuable comments from WY. All 
authors approved the final manuscript.

Data availability The dataset generated and analyzed in the current 
study are available from the corresponding author upon reasonable 
request.

Declarations 

Conflict of interest The authors declare they have no conflict of inter-
est.

Ethical approval All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were followed.

References

Abrantes K, Sheaves M (2009) Food web structure in a near-pristine 
mangrove area of the Australian Wet Tropics. Estuar Coast Shelf 
Sci 82:597–607. https:// doi. org/ 10. 1016/j. ecss. 2009. 02. 021

Atkinson CL, Kelly JF, Vaughn CC (2014) Tracing consumer-derived 
nitrogen in riverine food webs. Ecosystems 17:485–496. https:// 
doi. org/ 10. 1007/ s10021- 013- 9736-2

Ávila E, Ávila-García AK, Cruz-Barraza JA (2015) Temporal and 
small-scale spatial variations in abundance and biomass of sea-
grass-dwelling sponges in a tropical estuarine system. Mar Ecol 
36:623–636. https:// doi. org/ 10. 1111/ maec. 12171

Baden S, Emanuelsson A, Pihl L, Svensson CJ, Aberg P (2012) Shift 
in seagrass food web structure over decades is linked to over-
fishing. Mar Ecol Prog Ser 451:61–73. https:// doi. org/ 10. 3354/ 
meps0 9585

Baeta A, Niquil N, Marques JC, Patrício J (2011) Modelling the effects 
of eutrophication, mitigation measures and an extreme flood 
event on estuarine benthic food webs. Ecol Model 222:1209–
1221. https:// doi. org/ 10. 1016/j. ecolm odel. 2010. 12. 010

Basen T, Gergs R, Rothhaupt KO, Martin-Creuzburg D (2013) Phy-
toplankton food quality effects on gammarids: benthic-pelagic 
coupling mediated by an invasive freshwater clam. Can J Fish 
Aquat Sci 70:198–207. https:// doi. org/ 10. 1139/ cjfas- 2012- 0188

Bellmore JR, Baxter CV, Martens K, Connolly PJ (2013) The flood-
plain food web mosaic: a study of its importance to salmon and 
steelhead with implications for their recovery. Ecol Appl 23:189–
207. https:// doi. org/ 10. 1890/ 12- 0806.1

Bentivoglio F, Calizza E, Rossi D, Carlino P, Careddu G, Rossi L, 
Costantini ML (2016) Site-scale isotopic variations along a 
river course help localize drainage basin influence on river food 
webs. Hydrobiologia 770:257–272. https:// doi. org/ 10. 1007/ 
s10750- 015- 2597-2

Bessey C, Heithaus MR (2013) Alarm call production and temporal 
variation in predator encounter rates for a facultative teleost 
grazer in a relatively pristine seagrass ecosystem. J Exp Mar Biol 
Ecol 449:135–141. https:// doi. org/ 10. 1016/j. jembe. 2013. 09. 008

Bode A, Alvarez-Ossorio MT, Varela M (2006) Phytoplankton and 
macrophyte contributions to littoral food webs in the galician 
upwelling estimated from stable isotopes. Mar Ecol Prog Ser 
318:89–102. https:// doi. org/ 10. 3354/ meps3 18089

Boit A, Gaedke U (2014) Benchmarking successional progress in a 
quantitative food web. PLoS ONE 9:e90404. https:// doi. org/ 10. 
1371/ journ al. pone. 00904 04

Boit A, Martinez ND, Williams RJ, Gaedke U (2012) Mechanistic 
theory and modelling of complex food-web dynamics in Lake 
Constance. Ecol Lett 15:594–602. https:// doi. org/ 10. 1111/j. 
1461- 0248. 2012. 01777.x

Boström C, Baden SP, Krause-Jensen D (2003) The seagrasses of Scan-
dinavia and the Baltic Sea. In: Green EP, Short FT (eds) World 
atlas of seagrasses. University of California Press, Berkeley, pp 
27–37

Boström C, Jackson EL, Simenstad CA (2006) Seagrass landscapes and 
their effects on associated fauna: a review. Estuar Coast Shelf Sci 
68:383–403. https:// doi. org/ 10. 1016/j. ecss. 2006. 01. 026

Bouillon S, Connolly RM, Gillikin DP (2011) Use of stable isotopes to 
understand food webs and ecosystem functioning in estuaries. In: 
Wolanski E, McLusky DS (eds) Treatise on estuarine and coastal 
science. Academic Press, Waltham, pp 143–173

Careddu G, Costantini ML, Calizza E, Carlino P, Bentivoglio F, 
Orlandi L, Rossi L (2015) Effects of terrestrial input on mac-
robenthic food webs of coastal sea are detected by stable isotope 
analysis in Gaeta Gulf. Estuar Coast Shelf Sci 154:158–168. 
https:// doi. org/ 10. 1016/j. ecss. 2015. 01. 013

Carlo GD, Kenworthy WJ (2008) Evaluation of aboveground and 
belowground biomass recovery in physically disturbed sea-
grass beds. Oecologia 158:285–298. https:// doi. org/ 10. 1007/ 
s00442- 008- 1120-0

Carmen B, Krause-Jensen D, Alcoverro T, Marbà N, Duarte CM, Van 
Katwijk MM, Pérez M, Romero J, Sánchez-Lizaso JL, Roca G, 
Jankowska E (2019) Recent trend reversal for declining European 
seagrass meadows. Nat Commun 10:1–8. https:// doi. org/ 10. 1038/ 
s41467- 019- 11340-4

Choi B, Ha SY, Lee JS, Chikaraishi Y, Ohkouchi N, Shin KH (2017) 
Trophic interaction among organisms in a seagrass meadow eco-
system as revealed by bulk δ13C and amino acid δ15N analyses. 
Limnol Oceanogr 62:1426–1435. https:// doi. org/ 10. 1002/ lno. 
10508

Christensen V, Pauly D (1992) ECOPATH II-a software for balancing 
steady-state ecosystem models and calculating network charac-
teristics. Ecol Model 61:169–185. https:// doi. org/ 10. 1016/ 0304- 
3800(92) 90016-8

Christian RR, Luczkovich JJ (1999) Organizing and understanding 
a winter’s seagrass foodweb network through effective trophic 
levels. Ecol Model 117:99–124. https:// doi. org/ 10. 1016/ S0304- 
3800(99) 00022-8

Christianen MJA, Middelburg JJ, Holthuijsen SJ, Jouta J, Compton 
TJ, van der Heide T, Piersma T, Sinninghe Damsté JS, van der 
Veer HW, Schouten S, Olff H (2017) Benthic primary produc-
ers are key to sustain the Wadden Sea food web: stable carbon 

https://doi.org/10.1007/s00227-021-03878-z
https://doi.org/10.1016/j.ecss.2009.02.021
https://doi.org/10.1007/s10021-013-9736-2
https://doi.org/10.1007/s10021-013-9736-2
https://doi.org/10.1111/maec.12171
https://doi.org/10.3354/meps09585
https://doi.org/10.3354/meps09585
https://doi.org/10.1016/j.ecolmodel.2010.12.010
https://doi.org/10.1139/cjfas-2012-0188
https://doi.org/10.1890/12-0806.1
https://doi.org/10.1007/s10750-015-2597-2
https://doi.org/10.1007/s10750-015-2597-2
https://doi.org/10.1016/j.jembe.2013.09.008
https://doi.org/10.3354/meps318089
https://doi.org/10.1371/journal.pone.0090404
https://doi.org/10.1371/journal.pone.0090404
https://doi.org/10.1111/j.1461-0248.2012.01777.x
https://doi.org/10.1111/j.1461-0248.2012.01777.x
https://doi.org/10.1016/j.ecss.2006.01.026
https://doi.org/10.1016/j.ecss.2015.01.013
https://doi.org/10.1007/s00442-008-1120-0
https://doi.org/10.1007/s00442-008-1120-0
https://doi.org/10.1038/s41467-019-11340-4
https://doi.org/10.1038/s41467-019-11340-4
https://doi.org/10.1002/lno.10508
https://doi.org/10.1002/lno.10508
https://doi.org/10.1016/0304-3800(92)90016-8
https://doi.org/10.1016/0304-3800(92)90016-8
https://doi.org/10.1016/S0304-3800(99)00022-8
https://doi.org/10.1016/S0304-3800(99)00022-8


Marine Biology (2021) 168:74 

1 3

Page 15 of 17 74

isotope analysis at landscape scale. Ecology 98:1498–1512. 
https:// doi. org/ 10. 1002/ ecy. 1837

Coll M, Santojanni A, Palomera I, Arneri E (2009) Food-web 
changes in the Adriatic Sea over the last three decades. Mar 
Ecol Prog Ser 381:17–37. https:// doi. org/ 10. 3354/ meps0 7944

Connolly RM, Hindell JS, Gorman D (2005) Seagrass and epiphytic 
algae support nutrition of a fisheries species, Sillago schom-
burgkii, in adjacent intertidal habitats. Mar Ecol Prog Ser 
286:69–79. https:// doi. org/ 10. 3354/ meps2 86069

Cross WF, Baxter CV, Rosi-Marshall EJ, Hall RO Jr, Kennedy TA, 
Donner KC, Wellard Kelly HA, Seegert SEZ, Behn KE, Yard 
MD (2013) Food-web dynamics in a large river discontinuum. 
Ecol Monogr 83:311–337. https:// doi. org/ 10. 1890/ 12- 1727.1

Cui BS, He Q, An Y (2011) Spartina alterniflora invasions and 
effects on crab communities in a western Pacific estuary. Ecol 
Eng 37:1920–1924. https:// doi. org/ 10. 1016/j. ecole ng. 2011. 
06. 021

Dame RF, Dankers N (1988) Uptake and release of materials by a 
Wadden sea mussel bed. J Exp Mar Bio Ecol 118:207–216. 
https:// doi. org/ 10. 1016/ 0022- 0981(88) 90073-1

de Mutsert K, Cowan JH Jr, Walters CJ (2012) Using Ecopath with 
Ecosim to explore nekton community response to freshwater 
diversion into a Louisiana estuary. Mar Coast Fish 4:104–116. 
https:// doi. org/ 10. 1080/ 19425 120. 2012. 672366

de Ruiter PC, Neutel AM, Moore JC (1995) Energetics, patterns of 
interaction strengths, and stability in real ecosystems. Science 
269:1257–1260. https:// doi. org/ 10. 1126/ scien ce. 269. 5228. 
1257

Docmac F, Araya M, Hinojosa IA, Dorador C, Harrod C (2017) Habitat 
coupling writ large: pelagic-derived materials fuel benthivorous 
macroalgal reef fishes in an upwelling zone. Ecology 98:2267–
2272. https:// doi. org/ 10. 1002/ ecy. 1936

Du J, Cheung WWL, Zheng X, Chen B, Liao J, Hu W (2015) Compar-
ing trophic structure of a subtropical bay as estimated from mass-
balance food web model and stable isotope analysis. Ecol Modell 
312:175–181. https:// doi. org/ 10. 1016/j. ecolm odel. 2015. 05. 027

Duarte CM, Cebrián J (1996) The fate of marine autotrophic produc-
tion. Limnol Oceanogr 41:1758–1766. https:// doi. org/ 10. 4319/ 
lo. 1996. 41.8. 1758

Duarte CM, Borum J, Short FT, Walker DI (2008) Seagrass eco-
systems: their global status and prospects. In: Polunin N (ed) 
Aquatic ecosystems: trends and global prospects. Cambridge 
University Press, Cambridge, pp 281–294. https:// doi. org/ 10. 
1017/ CBO97 80511 751790. 025

Dunne JA, Williams RJ, Martinez ND (2002) Food-web structure and 
network theory: the role of connectance and size. Proc Natl Acad 
Sci 99:12917–12922. https:// doi. org/ 10. 1073/ pnas. 19240 7699

France RL (1995) Differentiation between littoral and pelagic food 
webs in lakes using stable carbon isotopes. Limnol Oceanogr 
40:1310–1313. https:// doi. org/ 10. 4319/ lo. 1995. 40.7. 1310

Fry B, Cieri M, Hughes J, Tobias C, Deegan LA, Peterson B (2008) 
Stable isotope monitoring of benthic-planktonic coupling using 
salt marsh fish. Mar Ecol Prog Ser 369:193–204. https:// doi. org/ 
10. 3354/ meps0 7644

Gaedke U (1995) A comparison of whole-community and ecosystem 
approaches (biomass size distributions, food web analysis, net-
work analysis, simulation models) to study the structure, function 
and regulation of pelagic food webs. J Plankton Res 17:1273–
1305. https:// doi. org/ 10. 1093/ plankt/ 17.6. 1273

Gaedke U (2009) Trophic dynamics in aquatic ecosystems. In: Lik-
ens GE (ed) Encyclopedia of inland waters. Elsevier, Oxford, pp 
499–504. https:// doi. org/ 10. 1016/ B978- 01237 0626-3. 00208-8

Gaedke U, Hochstädter S, Straile D (2002) Interplay between energy 
limitation and nutritional deficiency: empirical data and food 
web models. Ecol Monogr 72:251–270. https:// doi. org/ 10. 1890/ 
0012- 9615(2002) 072[0251: IBELAN] 2.0. CO;2

Ganter B (2000) Seagrass (Zostera spp.) as food for brent geese 
(Branta bernicla): an overview. Helgol Mar Res 54:63–70. 
https:// doi. org/ 10. 1007/ s1015 20050 003

Gauzens B, Barnes A, Giling DP, Hines J, Jochum M, Lefcheck JS, 
Rosenbaum B, Wang S, Brose U (2018) fluxweb: an R package 
to easily estimate energy fluxes in food webs. Methods Ecol 
Evol 10:270–279. https:// doi. org/ 10. 1111/ 2041- 210X. 13109

Gergs R, Rinke K, Rothhaupt KO (2009) Zebra mussels mediate 
benthic-pelagic coupling by biodeposition and changing detri-
tal stoichiometry. Freshwater Biol 54:1379–1391. https:// doi. 
org/ 10. 1111/j. 1365- 2427. 2009. 02188.x

Guo CB, Ye SW, Lek S, Liu JS, Zhang TL, Yuan J, Li ZJ (2013) The 
need for improved fishery management in a shallow macro-
phytic lake in the Yangtze River basin: evidence from the food 
web structure and ecosystem analysis. Ecol Model 267:138–
147. https:// doi. org/ 10. 1016/j. ecolm odel. 2013. 07. 013

Harvey CJ, Williams GD, Levin PS (2012) Food web structure and 
trophic control in central Puget Sound. Estuar Coast 35:821–
838. https:// doi. org/ 10. 1007/ s12237- 012- 9483-1

He Q, Cui BS, Cai YZ, Deng JF, Sun T, Yang ZF (2009) What 
confines an annual plant to two separate zones along coastal 
topographic gradients? Hydrobiologia 630:327–340. https:// 
doi. org/ 10. 1007/ s10750- 009- 9825-6

Heck KL Jr, Carruthers TJB, Duarte CM, Hughes AR, Kendrick 
G, Orth RJ, Williams SW (2008) Trophic transfers from sea-
grass meadows subsidize diverse marine and terrestrial con-
sumers. Ecosystems 11:1198–1210. https:// doi. org/ 10. 1007/ 
s10021- 008- 9155-y

Hemminga MA, Mateo MA (1996) Stable carbon isotopes in sea-
grasses: variability in ratios and use in ecological studies. Mar 
Ecol Prog Ser 140:285–298. https:// doi. org/ 10. 3354/ meps1 
40285

Hillebrand H, Dürselen CD, Kirschtel D, Pollingher U, Zohary T 
(1999) Biovolume calculation for pelagic and benthic microal-
gae. J Phycol 35:403–424. https:// doi. org/ 10. 1046/j. 1529- 8817. 
1999. 35204 03.x

Holzer KK, Rueda JL, McGlathery KJ (2011a) Differences in the feed-
ing ecology of two seagrass-associated snails. Estuaries Coast 
34:1140–1149. https:// doi. org/ 10. 1007/ s12237- 011- 9406-6

Holzer KK, Rueda JL, McGlathery KJ (2011b) Caribbean seagrasses 
as a food source for the emerald neritid Smaragdia viridis. Am 
Malacol Bull 29:63–67. https:// doi. org/ 10. 4003/ 006. 029. 0219

Holzman R, Reidenbach MA, Monismith SG, Koseff JR, Genin A 
(2005) Near-bottom depletion of zooplankton over a coral reef 
II: relationships with zooplankton swimming ability. Coral Reefs 
24:87–94. https:// doi. org/ 10. 1007/ s00338- 004- 0450-6

Iglesias C, Meerhoff M, Johansson LS, González-Bergonzoni I, 
Mazzeo N, Pacheco JP, Mello FT, Goyenola G, Lauridsen TL, 
Søndergaard M, Davidson TA, Jeppesen E (2017) Stable isotope 
analysis confirms substantial differences between subtropical and 
temperate shallow lake food webs. Hydrobiologia 784:111–123. 
https:// doi. org/ 10. 1007/ s10750- 016- 2861-0

Jaschinski S, Brepohl DC, Sommer U (2008) Carbon sources and 
trophic structure in an eelgrass Zostera marina bed, based 
on stable isotope and fatty acid analyses. Mar Ecol Prog Ser 
358:103–114. https:// doi. org/ 10. 3354/ meps0 7327

Jelbart JE, Ross PM, Connolly RM (2007) Patterns of small fish dis-
tributions in seagrass beds in a temperate Australian estuary. 
J Mar Biol Assoc UK 87:1297–1307. https:// doi. org/ 10. 1017/ 
S0025 31540 70532 83

Jiang WM, Gibbs MT (2005) Predicting the carrying capacity of 
bivalve shellfish culture using a steady, linear food web model. 
Aquaculture 244:171–185. https:// doi. org/ 10. 1016/j. aquac ulture. 
2004. 11. 050

Kanaya G, Takagi S, Kikuchi E (2008) Dietary contribution of the 
microphytobenthos to infaunal deposit feeders in an estuarine 

https://doi.org/10.1002/ecy.1837
https://doi.org/10.3354/meps07944
https://doi.org/10.3354/meps286069
https://doi.org/10.1890/12-1727.1
https://doi.org/10.1016/j.ecoleng.2011.06.021
https://doi.org/10.1016/j.ecoleng.2011.06.021
https://doi.org/10.1016/0022-0981(88)90073-1
https://doi.org/10.1080/19425120.2012.672366
https://doi.org/10.1126/science.269.5228.1257
https://doi.org/10.1126/science.269.5228.1257
https://doi.org/10.1002/ecy.1936
https://doi.org/10.1016/j.ecolmodel.2015.05.027
https://doi.org/10.4319/lo.1996.41.8.1758
https://doi.org/10.4319/lo.1996.41.8.1758
https://doi.org/10.1017/CBO9780511751790.025
https://doi.org/10.1017/CBO9780511751790.025
https://doi.org/10.1073/pnas.192407699
https://doi.org/10.4319/lo.1995.40.7.1310
https://doi.org/10.3354/meps07644
https://doi.org/10.3354/meps07644
https://doi.org/10.1093/plankt/17.6.1273
https://doi.org/10.1016/B978-012370626-3.00208-8
https://doi.org/10.1890/0012-9615(2002)072[0251:IBELAN]2.0.CO;2
https://doi.org/10.1890/0012-9615(2002)072[0251:IBELAN]2.0.CO;2
https://doi.org/10.1007/s101520050003
https://doi.org/10.1111/2041-210X.13109
https://doi.org/10.1111/j.1365-2427.2009.02188.x
https://doi.org/10.1111/j.1365-2427.2009.02188.x
https://doi.org/10.1016/j.ecolmodel.2013.07.013
https://doi.org/10.1007/s12237-012-9483-1
https://doi.org/10.1007/s10750-009-9825-6
https://doi.org/10.1007/s10750-009-9825-6
https://doi.org/10.1007/s10021-008-9155-y
https://doi.org/10.1007/s10021-008-9155-y
https://doi.org/10.3354/meps140285
https://doi.org/10.3354/meps140285
https://doi.org/10.1046/j.1529-8817.1999.3520403.x
https://doi.org/10.1046/j.1529-8817.1999.3520403.x
https://doi.org/10.1007/s12237-011-9406-6
https://doi.org/10.4003/006.029.0219
https://doi.org/10.1007/s00338-004-0450-6
https://doi.org/10.1007/s10750-016-2861-0
https://doi.org/10.3354/meps07327
https://doi.org/10.1017/S0025315407053283
https://doi.org/10.1017/S0025315407053283
https://doi.org/10.1016/j.aquaculture.2004.11.050
https://doi.org/10.1016/j.aquaculture.2004.11.050


 Marine Biology (2021) 168:74

1 3

74 Page 16 of 17

mudflat in Japan. Mar Biol 155:543–553. https:// doi. org/ 10. 1007/ 
s00227- 008- 1053-5

Kasprzak P, Padisák J, Koschel R, Krienitz L, Gervais F (2008) Chlo-
rophyll a concentration across a trophic gradient of lakes: an 
estimator of phytoplankton biomass? Limnologica 38:327–338. 
https:// doi. org/ 10. 1016/j. limno. 2008. 07. 002

Kathol M, Fischer H, Weitere M (2011) Contribution of biofilm-
dwelling consumers to pelagic-benthic coupling in a large river. 
Freshwater Biol 56:1160–1172. https:// doi. org/ 10. 1111/j. 1365- 
2427. 2010. 02561.x

Kobayashi S, Archdale MV (2017) Occurrence pattern and reproduc-
tive ecology of the leucosiid crab Pyrhila pisum (De Haan) in 
tidal flats in Hakata Bay, Fukuoka, Japan. Crustac Res 46:103–
119. https:// doi. org/ 10. 18353/ crust acea. 46.0_ 103

Kristensen E, Bouillon S, Dittmar T, Marchand C (2008) Organic 
carbon dynamics in mangrove ecosystems: a review. Aquat Bot 
89:201–219. https:// doi. org/ 10. 1016/j. aquab ot. 2007. 12. 005

Kuiper JJ, Van Altena C, de Ruiter PC, Van Gerven LPA, Janse JH, 
Mooij WM (2015) Food-web stability signals critical transitions 
in temperate shallow lakes. Nat Commun 6:7727. https:// doi. org/ 
10. 1038/ ncomm s8727

Lebreton B, Richard P, Galois R, Radenac G, Brahmia A, Colli G, 
Grouazel M, André C, Guillou G, Blanchard GF (2012) Food 
sources used by sediment meiofauna in an intertidal Zostera 
noltii seagrass bed: a seasonal stable isotope study. Mar Biol 
159:1537–1550. https:// doi. org/ 10. 1007/ s00227- 012- 1940-7

Li XX, Yang W, Li SZ, Sun T, Pei J, Xie T, Bai JH, Cui BS (2020) 
Asymmetric responses of spatial variation of different communi-
ties to a salinity gradient in coastal wetlands. Mar Environ Res 
158:105008. https:// doi. org/ 10. 1016/j. maren vres. 2020. 105008

Lischke B, Mehner T, Hilt S, Attermeyer K, Brauns M, Brothers S, 
Grossart HP, Köhler J, Scharnweber K, Gaedke U (2017) Ben-
thic carbon is inefficiently transferred in the food webs of two 
eutrophic shallow lakes. Freshwater Biol 62:1693–1706. https:// 
doi. org/ 10. 1111/ fwb. 12979

Liu Y, Liu GJ, Yuan ZJ, Liu HQ, Lam PKS (2018) Heavy metals (As, 
Hg and V) and stable isotope ratios (δ13C and δ15N) in fish from 
Yellow River Estuary, China. Sci Total Environ 613:462–471. 
https:// doi. org/ 10. 1016/j. scito tenv. 2017. 09. 088

Luczkovich JJ, Ward GP, Johnson JC, Christian RR, Baird D, Neck-
les H, Rizzo WM (2002) Determining the trophic guilds of 
fishes and macroinvertebrates in a seagrass food web. Estuaries 
25:1143–1163. https:// doi. org/ 10. 1007/ BF026 92212

Madin LP, Horgan EF, Steinberg DK (2001) Zooplankton at the Ber-
muda Atlantic Time-series Study (BATS) station: diel, seasonal 
and interannual variation in biomass, 1994–1998. Deep-Sea Res 
PT II 48:2063–2082. https:// doi. org/ 10. 1016/ S0967- 0645(00) 
00171-5

Mallela J, Harrod C (2008) δ13C and δ15N reveal significant differ-
ences in the coastal foodwebs of the seas surrounding Trinidad 
and Tobago. Mar Ecol Prog Ser 368:41–51. https:// doi. org/ 10. 
3354/ meps0 7589

Mao ZG, Gu XH, Zeng QF, Chen HH (2016) Carbon sources and 
trophic structure in a macrophyte-dominated polyculture pond 
assessed by stable-isotope analysis. Freshwater Biol 61:1861–
1873. https:// doi. org/ 10. 1111/ fwb. 12821

Martinetto P, Teichberg M, Valiela I (2006) Coupling of estuarine ben-
thic and pelagic food webs to land-derived nitrogen sources in 
Waquoit Bay, Massachusetts, USA. Mar Ecol Prog Ser 307:37–
48. https:// doi. org/ 10. 3354/ meps3 07037

Mateo M, Cebrián J, Dunton K, Mutchler T (2006) Carbon flux in sea-
grass ecosystems. In: Larkum AWD et al (eds) Seagrasses: biol-
ogy, ecology and conservation. Springer, Dordrecht, pp 159–192

Mehner T, Attermeyer K, Brauns M, Brothers S, Diekmann J, Gae-
dke U, Grossart HP, Köhler J, Lischke B, Meyer N, Scharn-
weber K, Syväranta J, Vanni MJ, Hilt S (2016) Weak response 

of animal allochthony and production to enhanced supply of 
terrestrial leaf litter in nutrient-rich lakes. Ecosystems 19:311–
325. https:// doi. org/ 10. 1007/ s10021- 015- 9933-2

Melville AJ, Connolly RM (2005) Food webs supporting fish over 
subtropical mudflats are based on transported organic matter 
not in situ microalgae. Mar Biol 148:363–371. https:// doi. org/ 
10. 1007/ s00227- 005- 0083-5

Menden-Deuer S, Lessard EJ (2000) Carbon to volume relationships 
for dinoflagellates, diatoms, and other protist plankton. Limnol 
Oceanogr 45:569–579. https:// doi. org/ 10. 4319/ lo. 2000. 45.3. 
0569

Milessi AC, Danilo C, Laura R-G, Daniel C, Javier S, Rodríguez-
Gallego L (2010) Trophic mass-balance model of a subtropical 
coastal lagoon, including a comparison with a stable isotope 
analysis of the food-web. Ecol Model 221:2859–2869. https:// 
doi. org/ 10. 1016/j. ecolm odel. 2010. 08. 037

Moncreiff CA, Sullivan MJ (2001) Trophic importance of epiphytic 
algae in subtropical seagrass beds: evidence from multiple sta-
ble isotope analyses. Mar Ecol Prog Ser 215:93–106. https:// 
doi. org/ 10. 3354/ meps2 15093

Moore JW, Semmens BX (2008) Incorporating uncertainty and 
prior information into stable isotope mixing models. Ecol 
Lett 11:470–480. https:// doi. org/ 10. 1111/j. 1461- 0248. 2008. 
01163.x

Mori AS, Furukawa T, Sasaki T (2013) Response diversity determines 
the resilience of ecosystems to environmental change. Biol Rev 
88:39–364. https:// doi. org/ 10. 1111/ brv. 12004

Moussa RM, Bertucci F, Jorissen H, Gache C, Waqalevu VP, Parravi-
cini V, Lecchini D, Galzin R (2020) Importance of intertidal sea-
grass beds as nursery area for coral reef fish juveniles (Mayotte, 
Indian Ocean). Reg Stud Mar Sci 33:100965. https:// doi. org/ 10. 
1016/j. rsma. 2019. 100965

Nacken M, Reise K (2000) Effects of herbivorous birds on intertidal 
seagrass beds in the northern Wadden Sea. Helgol Mar Res 
54:87–94. https:// doi. org/ 10. 1007/ s1015 20050 006

Nielsen TG, Maar M (2007) Effects of a blue mussel Mytilus edulis 
bed on vertical distribution and composition of the pelagic food 
web. Mar Ecol Prog Ser 339:185–198. https:// doi. org/ 10. 3354/ 
meps3 39185

Nilsen M, Pedersen T, Nilssen EM, Fredriksen S (2008) Trophic stud-
ies in a high-latitude fjord ecosystem - a comparison of stable 
isotope analyses (δ13C and δ15N) and trophic-level estimates 
from a mass-balance model. Can J Fish Aquat Sci 65:2791–2806. 
https:// doi. org/ 10. 1139/ F08- 180

Norland S, Heldal M, Tumyr O (1987) On the relation between dry 
matter and volume of bacteria. Microb Ecol 13:95–101. https:// 
doi. org/ 10. 1007/ BF020 11246

O’Gorman EJ, Zhao L, Pichler DE, Adams G, Friberg N, Rall BC, 
Seeney A, Zhang H, Reuman DC, Woodward G (2017) Unex-
pected changes in community size structure in a natural warming 
experiment. Nat Clim Chang 7:659–663. https:// doi. org/ 10. 1038/ 
nclim ate33 68

Olesen B, Sand-Jensen K (1994) Patch dynamics of eelgrass Zostera 
marina. Mar Ecol Prog Ser 106:147–156. https:// doi. org/ 10. 
3354/ meps1 06147

Ouisse V, Riera P, Migné A, Leroux E, Davoult D (2012) Food web 
analysis in intertidal Zostera marina and Zostera noltii communi-
ties in winter and summer. Mar Biol 159:165–175. https:// doi. 
org/ 10. 1007/ s00227- 011- 1796-2

Parnell AC, Inger R, Bearhop S, Jackson AL (2010) Source partition-
ing using stable isotopes: coping with too much variation. PLoS 
ONE 5:e9672. https:// doi. org/ 10. 1371/ journ al. pone. 00096 72

Patrício J, Marques JC (2006) Mass balanced models of the food web 
in three areas along a gradient of eutrophication symptoms in 
the south arm of the Mondego estuary (Portugal). Ecol Model 
197:21–34. https:// doi. org/ 10. 1016/j. ecolm odel. 2006. 03. 008

https://doi.org/10.1007/s00227-008-1053-5
https://doi.org/10.1007/s00227-008-1053-5
https://doi.org/10.1016/j.limno.2008.07.002
https://doi.org/10.1111/j.1365-2427.2010.02561.x
https://doi.org/10.1111/j.1365-2427.2010.02561.x
https://doi.org/10.18353/crustacea.46.0_103
https://doi.org/10.1016/j.aquabot.2007.12.005
https://doi.org/10.1038/ncomms8727
https://doi.org/10.1038/ncomms8727
https://doi.org/10.1007/s00227-012-1940-7
https://doi.org/10.1016/j.marenvres.2020.105008
https://doi.org/10.1111/fwb.12979
https://doi.org/10.1111/fwb.12979
https://doi.org/10.1016/j.scitotenv.2017.09.088
https://doi.org/10.1007/BF02692212
https://doi.org/10.1016/S0967-0645(00)00171-5
https://doi.org/10.1016/S0967-0645(00)00171-5
https://doi.org/10.3354/meps07589
https://doi.org/10.3354/meps07589
https://doi.org/10.1111/fwb.12821
https://doi.org/10.3354/meps307037
https://doi.org/10.1007/s10021-015-9933-2
https://doi.org/10.1007/s00227-005-0083-5
https://doi.org/10.1007/s00227-005-0083-5
https://doi.org/10.4319/lo.2000.45.3.0569
https://doi.org/10.4319/lo.2000.45.3.0569
https://doi.org/10.1016/j.ecolmodel.2010.08.037
https://doi.org/10.1016/j.ecolmodel.2010.08.037
https://doi.org/10.3354/meps215093
https://doi.org/10.3354/meps215093
https://doi.org/10.1111/j.1461-0248.2008.01163.x
https://doi.org/10.1111/j.1461-0248.2008.01163.x
https://doi.org/10.1111/brv.12004
https://doi.org/10.1016/j.rsma.2019.100965
https://doi.org/10.1016/j.rsma.2019.100965
https://doi.org/10.1007/s101520050006
https://doi.org/10.3354/meps339185
https://doi.org/10.3354/meps339185
https://doi.org/10.1139/F08-180
https://doi.org/10.1007/BF02011246
https://doi.org/10.1007/BF02011246
https://doi.org/10.1038/nclimate3368
https://doi.org/10.1038/nclimate3368
https://doi.org/10.3354/meps106147
https://doi.org/10.3354/meps106147
https://doi.org/10.1007/s00227-011-1796-2
https://doi.org/10.1007/s00227-011-1796-2
https://doi.org/10.1371/journal.pone.0009672
https://doi.org/10.1016/j.ecolmodel.2006.03.008


Marine Biology (2021) 168:74 

1 3

Page 17 of 17 74

Phillips DL, Gregg JW (2003) Source partitioning using stable isotopes: 
coping with too many sources. Oecologia 136:261–269. https:// doi. 
org/ 10. 1007/ s00442- 003- 1218-3

Pihl L, Baden S, Kautsky N, Rönnbäck P, Söderqvist T, Troell M, Wen-
nhage H (2006) Shift in fish assemblage structure due to loss of 
seagrass Zostera marina habitats in Sweden. Estuar Coast Shelf Sci 
67:123–132. https:// doi. org/ 10. 1016/j. ecss. 2005. 10. 016

Post DM (2002) Using stable isotopes to estimate trophic position: mod-
els, methods, and assumptions. Ecology 83:703–718. https:// doi. 
org/ 10. 1890/ 0012- 9658(2002) 083[0703: USITET] 2.0. CO;2

Qiu DD, Yan JG, Ma X, Gao F, Wang FF, Wen LJ, Bai JH, Cui BS (2019) 
How vegetation influence the macrobenthos distribution in different 
saltmarsh zones along coastal topographic gradients. Mar Environ 
Res 151:104767. https:// doi. org/ 10. 1016/j. maren vres. 2019. 104767

Quan WM, Shi LY, Chen YQ (2010) Stable isotopes in aquatic food 
web of an artificial lagoon in the Hangzhou Bay, China. Chi-
nese J Oceanol Limnol 28:489–497. https:// doi. org/ 10. 1007/ 
s00343- 010- 9037-y

Quan WM, Humphries AT, Shi LY, Chen YQ (2012) Determination 
of trophic transfer at a created intertidal oyster (Crassostrea ari-
akensis) reef in the Yangtze River estuary using stable isotope 
analyses. Estuar Coast 35:109–120. https:// doi. org/ 10. 1007/ 
s12237- 011- 9414-6

Randall RG, Minns CK (2000) Use of fish production per unit biomass 
ratios for measuring the productive capacity of fish habitats. Can 
J Fish Aquat Sci 57:1657–1667. https:// doi. org/ 10. 1139/ f00- 103

Rivers DO, Short FT (2007) Effect of grazing by Canada geese Branta 
canadensis on an intertidal eelgrass Zostera marina meadow. Mar 
Ecol Prog Ser 333:271–279. https:// doi. org/ 10. 3354/ meps3 33271

Roditi HA, Strayer DL, Findlay SEG (1997) Characteristics of zebra 
mussel (Dreissena polymorpha) biodeposits in a tidal freshwater 
estuary. Arch Hydrobiol 140:207–219. https:// doi. org/ 10. 1127/ 
archiv- hydro biol/ 140/ 1997/ 207

Schanz A, Polte P, Asmus H (2002) Cascading effects of hydrodynam-
ics on an epiphyte-grazer system in intertidal seagrass beds of the 
Wadden Sea. Mar Biol 141:287–297. https:// doi. org/ 10. 1007/ 
s00227- 002- 0823-8

Schlacher TA, Connolly RM (2009) Land-ocean coupling of carbon and 
nitrogen fluxes on sandy beaches. Ecosystems 12:311–321. https:// 
doi. org/ 10. 1007/ s10021- 008- 9224-2

Schmidt SN, Olden JD, Solomon CT, Vander Zanden MJ (2007) Quan-
titative approaches to the analysis of stable isotope food web data. 
Ecology 88:2793–2802. https:// doi. org/ 10. 1890/ 07- 0121.1

Szymczak-Żyła M, Krajewska M, Winogradow A, Zaborska A, Breed-
veld GD, Kowalewska G (2017) Tracking trends in eutrophica-
tion based on pigments in recent coastal sediments. Oceanologia 
59:1–17. https:// doi. org/ 10. 1016/j. oceano. 2016. 08. 003

Tecchio S, Rius AT, Dauvin J-C, Lobry J, Lassalle G, Morin J, Bacq 
N, Cachera M, Chaalali A, Villanueva MC, Niquil N (2015) The 
mosaic of habitats of the Seine estuary: Insights from food-web 
modelling and network analysis. Ecol Model 312:91–101. https:// 
doi. org/ 10. 1016/j. ecolm odel. 2015. 05. 026

Thompson RM, Brose U, Dunne JA, Hall RO Jr, Hladyz S, Kitching RL, 
Martinez ND, Rantala H, Romanuk TN, Stouffer DB, Tylianakis 
JM (2012) Food webs: reconciling the structure and function of 
biodiversity. Trends Ecol Evol 27:689–697. https:// doi. org/ 10. 
1016/j. tree. 2012. 08. 005

Tomas F, Turon X, Romero J (2005) Seasonal and small-scale spatial 
variability of herbivory pressure on the temperate seagrass Posi-
donia oceanica. Mar Ecol Prog Ser 301:95–107. https:// doi. org/ 
10. 3354/ meps3 01095

Vadeboncoeur Y, Vander Zanden MJ, Lodge DM (2002) Putting the 
lake back together: reintegrating benthic pathways into lake food 
web models. Bioscience 52:44–54. https:// doi. org/ 10. 1641/ 0006- 
3568(2002) 052[0044: PTLBTR] 2.0. CO;2

Vafeiadou AM, Materatski P, Adão H, De Troch M, Moens T (2013) 
Food sources of macrobenthos in an estuarine seagrass habitat 
(Zostera noltii) as revealed by dual stable isotope signatures. Mar 
Biol 160:2517–2523. https:// doi. org/ 10. 1007/ s00227- 013- 2238-0

Valentine JF, Duffy JE (2006) The central role of grazing in seagrass ecol-
ogy. In: Larkum AWD, Orth RJ, Duarte CM (eds) Seagrass: biol-
ogy, ecology and conservation. Springer, Dordrecht, pp 463–501

Valentine JF, Heck KL, Cinkovich AM (2002) Impacts of seagrass food 
webs on marine ecosystems: a need for a broader perspective. B 
Mar Sci 71:1361–1368

van Altena C, Hemerik L, Heesterbeek JAP, De Ruiter PC (2016) Patterns 
in intraspecific interaction strengths and the stability of food webs. 
Theor Ecol 9:95–106. https:// doi. org/ 10. 1007/ s12080- 014- 0244-6

Vander Zanden MJ, Casselman JM, Rasmussen JB (1999) Stable isotope 
evidence for the food web consequences of species invasions in 
lakes. Nature 401:464–467. https:// doi. org/ 10. 1038/ 46762

Vézina AF, Platt T (1988) Food web dynamics in the ocean. I. Best-
estimates of flow networks using inverse methods. Mar Ecol Prog 
Ser 42:269–287

Vizzini S, Savona B, Do Chi T, Mazzola A (2005) Spatial variability 
of stable carbon and nitrogen isotope ratios in a Mediterranean 
coastal lagoon. Hydrobiologia 550:73–82. https:// doi. org/ 10. 1007/ 
s10750- 005- 4364-2

Wang JQ, Zhang XD, Nie M, Fu CZ, Chen JK, Li B (2008) Exotic Spar-
tina alterniflora provides compatible habitats for native estuarine 
crab Sesarma dehaani in the Yangtze River estuary. Ecol Eng 
34:57–64. https:// doi. org/ 10. 1016/j. ecole ng. 2008. 05. 015

White KS, Westera MB, Kendrick GA (2011) Spatial patterns in fish 
herbivory in a temperate Australian seagrass meadow. Estuar Coast 
Shelf Sci 93:366–374. https:// doi. org/ 10. 1016/j. ecss. 2011. 05. 006

Williams RJ (2010) Network3D software. Microsoft Research, 
Cambridge

Xu SN, Chen ZZ, Li CH, Huang XP, Li SY (2011a) Assessing the carry-
ing capacity of tilapia in an intertidal mangrove-based polyculture 
system of Pearl River Delta, China. Ecol Model 222:846–856. 
https:// doi. org/ 10. 1016/j. ecolm odel. 2010. 11. 014

Xu SN, Chen ZZ, Li SY, He PM (2011b) Modeling trophic structure and 
energy flows in a coastal artificial ecosystem using mass-balance 
Ecopath model. Estuar Coast 34:351–363. https:// doi. org/ 10. 1007/ 
s12237- 010- 9323-0

Zhang HY, Sun T, Shao DD, Yang W (2016) Fuzzy logic method for eval-
uating habitat suitability in an estuary affected by land reclamation. 
Wetlands 36:19–30. https:// doi. org/ 10. 1007/ s13157- 014- 0606-2

Zhang YQ, Xu Q, Xu QZ, Alós J, Zhang HY, Yang HS (2018) Dietary 
composition and trophic niche partitioning of spotty-bellied green-
lings Hexagrammos agrammus, fat greenlings H. otakii, Korean 
rockfish Sebastes schlegelii, and Japanese seaperch Lateolabrax 
japonicus in the Yellow Sea revealed by stomach content. Mar 
Coast Fish 10:255–268. https:// doi. org/ 10. 1002/ mcf2. 10019

Zhang X, Lin H, Song X, Xu S, Yue S, Gu R, Xu S, Zhu S, Zhao Y, Zhang 
S, Han S, Wang A, Sun T, Zhou Y (2019) A unique meadow of 
the marine angiosperm Zostera japonica, covering a large area in 
the turbid intertidal Yellow River Delta, China. Sci Total Environ 
686:118–130. https:// doi. org/ 10. 1016/j. scito tenv. 2019. 05. 320

Zheng T, You X-Y (2014) Key food web technique and evaluation of 
nearshore marine ecological restoration of Bohai Bay. Ocean Coast 
Manag 95:1–10. https:// doi. org/ 10. 1016/j. oceco aman. 2014. 03. 020

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00442-003-1218-3
https://doi.org/10.1007/s00442-003-1218-3
https://doi.org/10.1016/j.ecss.2005.10.016
https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
https://doi.org/10.1016/j.marenvres.2019.104767
https://doi.org/10.1007/s00343-010-9037-y
https://doi.org/10.1007/s00343-010-9037-y
https://doi.org/10.1007/s12237-011-9414-6
https://doi.org/10.1007/s12237-011-9414-6
https://doi.org/10.1139/f00-103
https://doi.org/10.3354/meps333271
https://doi.org/10.1127/archiv-hydrobiol/140/1997/207
https://doi.org/10.1127/archiv-hydrobiol/140/1997/207
https://doi.org/10.1007/s00227-002-0823-8
https://doi.org/10.1007/s00227-002-0823-8
https://doi.org/10.1007/s10021-008-9224-2
https://doi.org/10.1007/s10021-008-9224-2
https://doi.org/10.1890/07-0121.1
https://doi.org/10.1016/j.oceano.2016.08.003
https://doi.org/10.1016/j.ecolmodel.2015.05.026
https://doi.org/10.1016/j.ecolmodel.2015.05.026
https://doi.org/10.1016/j.tree.2012.08.005
https://doi.org/10.1016/j.tree.2012.08.005
https://doi.org/10.3354/meps301095
https://doi.org/10.3354/meps301095
https://doi.org/10.1641/0006-3568(2002)052[0044:PTLBTR]2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052[0044:PTLBTR]2.0.CO;2
https://doi.org/10.1007/s00227-013-2238-0
https://doi.org/10.1007/s12080-014-0244-6
https://doi.org/10.1038/46762
https://doi.org/10.1007/s10750-005-4364-2
https://doi.org/10.1007/s10750-005-4364-2
https://doi.org/10.1016/j.ecoleng.2008.05.015
https://doi.org/10.1016/j.ecss.2011.05.006
https://doi.org/10.1016/j.ecolmodel.2010.11.014
https://doi.org/10.1007/s12237-010-9323-0
https://doi.org/10.1007/s12237-010-9323-0
https://doi.org/10.1007/s13157-014-0606-2
https://doi.org/10.1002/mcf2.10019
https://doi.org/10.1016/j.scitotenv.2019.05.320
https://doi.org/10.1016/j.ocecoaman.2014.03.020

	Quantitative food web structure and ecosystem functions in a warm-temperate seagrass bed
	Abstract
	Introduction
	Materials and methods
	Study area
	Samples for biomass determination
	Samples for stable isotope determination
	Bayesian isotope mixing model
	Quantitative food web model

	Results
	Stable carbon and nitrogen isotopes of trophic groups
	Food web diagram based on the Bayesian isotope mixing model
	Observed biomasses and quantitative food web flux structure

	Discussion
	Conclusion
	Acknowledgements 
	References




