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Abstract

Coastal areas adjoining rivers are nourished by both the riverborne nutrients and or-
ganic matters. Annually, the East China Sea (ECS) receives large quantities of par-
ticulate organic carbon transported from the Changjiang (Yangtze River), as well as
nutrients, which have brought about high primary production in the ECS. This study5

evaluated the respective contributions of terrigenous organic matters (allochthonous
food source) and nutrient-induced marine production (autochthonous food source) to
the ECS benthic ecosystem by analyzing the stable isotope compositions for zooplank-
ton, benthic crustacea and demersal fish. Zooplankton exhibited consistently higher
δ13C values (−21.31 ‰∼−19.22 ‰) in the inner shelf than in the outer shelf. The δ13C10

signals of fish (−19.64 ‰∼−13.46 ‰) and crustacea (−18.87 ‰∼−15.00 ‰) showed
strong reliance on the marine production across the ECS continental shelf, regardless
of distance from the shore. Moreover, the benthic crustacea and fish exhibited signif-
icantly higher δ13C values in the highly productive inshore sites and the δ13C values
decreased seawards, implying a higher intrusion of atmospheric CO2 and lower photo-15

synthetic fractionation due to algal blooming in the inner shelf. The δ13C values of fish
also showed significant positive correlations with the concentration of surface chloro-
phyll a and nitrogen. Riverborne nutrients closely linked marine benthic consumers to
the terrestrial watershed and tightly coupled the pelagic and benthic ecosystems in the
ECS. The stable isotope compositions of benthic consumers can act as an indicator for20

pelagic trophic status. The future research combining analyses of stable isotope and
community structure may improve assessment on the balance between contribution
and risk of phytoplankton blooms.

1 Introduction

Coastal ecosystems adjacent to large rivers are tightly connected to terrestrial envi-25

ronments through receiving large quantities of freshwater and materials. River inputs
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of nutrients greatly accelerate the growth of marine primary producers and the nitro-
gen loadings are positively related to fisheries yields (Nixon et al., 1986). During past
decades, anthropogenic activities have driven catastrophic changes in large rivers and
their adjacent marginal seas, principally by over-enrichment of nutrients (Nixon, 1995;
Diaz, 2001). The global nitrogen and phosphorus fluxes from rivers to coastal oceans5

have grown more than two- to threefold over the past half century, resulting in more
than 760 coastal areas experiencing eutrophication (Howarth et al., 1995; Galloway
et al., 2004; Diaz et al., 2011). Nutrient-promoted phytoplankton blooms may nourish
the local biota by providing organic matters (Graf, 1992; Nascimento et al., 2008), but
may also harm marine ecosystems (Grall and Ghauvaud, 2002). Though eutrophica-10

tion generally originates in pelagic ecosystems, the effects of increased organic pre-
cipitation, accelerated oxygen consumption, and modified habitat structure transcend
ecosystem boundaries (Grall and Chauvaud, 2002; Vadeboncoeur et al., 2003). There-
fore, both the marine pelagic and benthic communities in the sea areas abutting rivers
are susceptible to terrigenous nutrients.15

The East China Sea (ECS) has experienced severe eutrophication since the 1960s
due to the dramatic increase of nutrient fluxes from the third longest river in the world-
the Changjiang (Yangtze River). Concentrations of dissolved inorganic nitrogen (DIN)
and phosphate in the Changjiang water showed more than a five-fold increase be-
tween the 1960s and the end of 1990 (Wang, 2006). In the late 1990s more than20

1.4×106 tyr−1 of inorganic nitrogen were conveyed from the Changjiang into the ECS
(Gao and Wang, 2008). The nutrient overload increased the annual occurrence rate
of spring algal blooms in the Changjiang estuary and adjacent sea waters from less
than 10 times in the 1930s to more than 80 times in 2005 (Zhou et al., 2008). Though
the frequent algal blooms are thought to be notorious for their consequent effects on25

causing bottom-water hypoxia (Chen et al., 2007) and damaging benthic communities
(Chang et al., 2012), these blooming materials somehow act as nutritious food for ma-
rine secondary producers and probably contribute to higher trophic consumers in the
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ECS ecosystem, particularly the Changjiang freshwater impacted area (isohaline of
salinity 31) in which the highest algal biomass was observed (Gong et al., 2011).

Riverborne organic materials also have potential to nourish the benthic consumers.
Terrestrial particulate organic matters (POM) could penetrate marine benthic food webs
and even contribute to fishery catches via the ingestion by local macrofauna, such5

as molluscs, crustaceans and polychaetes (Gearing et al., 1991; Riera and Richard,
1996; Bouillon et al., 2000; Darnuad et al., 2004). Annually, the Changjiang transports
ca 4.4×106 t of particulate organic carbon to the adjacent ECS (Dagg et al., 2004;
Gao and Wang, 2008), and the transported riverine particles have been observed to
travel as far as ca 250 km from shore (Wu et al., 2003, 2007), thus potentially providing10

an alternative food source for the benthic consumers in the inner continental shelf.
However, it remains unclear whether the riverborne POM would nourish the ECS food
webs and how the respective contributions of riverborne POM and nutrient-induced
marine production might shift across the extensive ECS continental shelf.

Stable carbon and nitrogen isotopes analyses have been successfully applied to15

clarifying ecosystem trophic structures with multiple food sources (Fry and Sherr, 1984;
Minagawa and Wada, 1984; Peterson et al., 1985). The δ13C signal of terrestrial POM
is generally isotopically lighter by 5–6 ‰ than in situ marine production and the δ13C
changes in a predictable way (ca 1 ‰) during transmission among trophic levels. Thus,
carbon isotope ratios are used to trace terrestrial organic matters in marine ecosys-20

tems (Voß and Struck, 1997). In addition, the carbon isotopic composition of primary
producers can be further modified in different nutrient regimes (Gearing et al., 1991;
Savoye et al., 2003). In highly productive systems, isotopic fractionation of CO2 would
be reduced during photosynthesis, thus elevating the δ13C values of primary producers
and subsequent consumers (Cifuentes et al., 1988). Previous studies suggested that25

the application of sole isotope composition was probably ambiguous to well determine
food sources (Currin et al., 1995). The use of a stable nitrogen isotope could further im-
prove the assessment of organisms’ trophic positions because consumers tend to have
higher δ15N than their foods by 3 to 4 ‰ (Fry and Sherr, 1984; Minagawa and Wada,
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1984; Post, 2002). The dual isotope approach is thought to be reliable for investigating
trophic structure (Post, 2002). Therefore, by analyzing the carbon and nitrogen isotope
compositions of both pelagic primary consumers and benthic consumers across the
shelf, the spatial variations in the food sources for the ECS benthic ecosystems and in
the trophic status of the pelagic ecosystems can be clarified.5

The present study aims first to evaluate the respective contributions of terrigenous
POM (allochthonous) and marine production (autochthonous) to the benthic food web
in the ECS. Since the spatial succession of riverborne POM is most concentrated in the
Changjiang mouth and rapidly decreases seaward (Wu et al., 2003, 2007; Gong et al.,
2011), we conjecture that the benthic consumers may exhibit a spatial dietary shift from10

mixed food sources (terrestrial POM and marine production) in the inner shelf to mono-
source (in situ marine production) in the outer shelf. By analyzing benthic organisms,
mainly the demersal fish and crustacea across the extensive ECS continental shelf,
we may ascertain how the riverborne nutrients and organic matters contribute to the
benthic food webs. Moreover, determining the spatial variability in energy uptake by15

benthic consumers across a continental shelf with land-based influence may not only
improve our understanding of the factors affecting fishery resources in the ECS, but
also allow further prediction about the effects of environmental changes on the benthic
ecosystem.

2 Materials and methods20

2.1 Study sites and sample collection

Biological samples were collected from the East China Sea (ECS) in July of 2008, 2009,
and 2010. The demersal fish and benthic crustacea used for stable isotopic measure-
ments were collected with a bottom beam trawl (4.7 m wide, 0.28 m high, mesh size
15×15 mm2) The bottom trawling surveys were carried out from the inshore to off-25

shore sites. The inshore sites (i.e. < 200 km from the land) were shallower than 60 m
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and generally influenced by Changjiang freshwater discharge (Table 1 and Fig. 1). The
trawled samples were frozen on board immediately and identified to species in the lab-
oratory. Several common species of demersal fish and crustaceans were selected and
three individuals of the selected species were prepared for stable isotopic analyses.
For the benthic crustaceans (decapoda and Stomatopoda), only the samples collected5

from sites A1–A3 in July 2008 were analyzed for stable isotope compositions. In order
to distinguish the marine production from terrestrial POM, pelagic primary consumers
were analyzed, based on the assumption that marine phytoplankton constitute most
of the carbon source for zooplankton (Bouillon et al., 2000). To obtain the marine pri-
mary consumers (zooplankton), a 200 µm mesh net was towed in the upper layer of10

seawater (mainly concentrated at 10 m depth). The collected samples were further
wet-sieved through serial meshes (mesh size=2000, 1000, 500 and 363 µm), and the
organisms retaining on the 363 µm mesh were used for isotopic analysis. For each
sampling period, one inshore site and one offshore site were selected to collect pri-
mary consumers and represent the marine production-based food sources for benthic15

consumers (Fig. 1).
Hydrological data, including temperature and salinity were measured in situ with

a SeaBird Conductivity-Temperature-Depth recorder (SBE 9/11 plus, SeaBird Inc.,
USA). Water samples for chlorophyll a and nutrients measurements were taken by the
CTD rosette assembly (Model1015, General Oceanics Inc., USA). For chlorophyll a20

analysis, water samples from the sea surface (<5 m) were filtered through a GF/F
filter paper (Whatman, 47 mm) and determined fluorometrically. Concentrations of in-
organic nitrogen were determined using the analytic methods described in Parsons
et al. (1984), Welschmeyer (1994) and Gong et al. (2000).

2.2 Stable isotopic analysis25

Stable carbon and nitrogen isotopic ratios were determined for the muscle tissues
of demersal fish, benthic crustacea and zooplankton. All selected samples were first
rinsed with distill water. Muscle samples of fish, shrimp (mantis shrimp included), and
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crab were extracted from the upper-dorsal part, trunk, and cheliped to be dried at
60 ◦C for a minimum of 24 h. The zooplankton samples were acid-treated with 1N
HCl to remove calcium carbonate (CaCO3). The acidic treatment does not signifi-
cantly change the isotopic values of organic matters (Kanaya et al., 2007). All the
dried muscle and zooplankton samples were ground into powder and packed into tin5

capsules. The total content of carbon and nitrogen and their isotopic compositions
were determined using an isotope ratio mass spectrometer (Thermo Finnigan Delta-
plus Advantage) system connected to an automatic elemental analyzer (Carlo-Erba
EA 2100). Analyzed results are expressed by the standard δ notation as the following:
δX = (Rsample/Rstandard −1)×1000 (‰), where X is 13C or 15N, and R is 13C/12C for10

carbon and 15N/14N for nitrogen. Pee dee belemnite (PDB) and atmospheric nitrogen
were used as the δ13C and δ15N standards, respectively. The US Geological Survey
standard #40 (L-glutamic acid), which has certified δ13C value of −26.24 ‰ and δ15N
of −4.52 ‰ and acetanilide (Merck) with δ13C of −29.76 ‰ and δ15N of −1.52 ‰ were
used as working standards. The reproducibility of both carbon and nitrogen isotopic15

measurements is better than 0.15 ‰, which is much smaller than the wide distribution
of isotopic compositions in our study.

2.3 Data analysis

Since the trophic enrichment factors for δ15N and δ13C fluctuate and generally range
between 2.5–4.5 ‰ (Minagawa and Wada, 1984; Post, 2002) and 1–2 ‰ (Wada et al.,20

1991), respectively, both the maximum and minimum trophic enrichment values were
considered to demarcate the lenient ranges of terrestrial POM and marine production-
based food webs on the δ13C and δ15N biplot. To investigate the temporal and spa-
tial variability of isotopic signatures, the mean δ13C and δ15N values of benthic con-
sumers (fish and crustacea) were compared among sampling sites and years by non-25

parametric ANOVA (Kruskal–Wallis test) and multiple comparison (Tukey’s HSD test)
to elucidate the spatial and temporal variation in isotopic compositions. Simple linear
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regression was used to determine whether the isotopic values were correlated with en-
vironmental characteristics, especially the eutrophic-related variables such as chloro-
phyll a and nitrogen concentrations.

3 Results

3.1 Environmental characteristics across the ECS continental shelf5

The three-year sampling in the ECS continental shelf of environmental characteris-
tics, i.e. salinity, temperature, nutrients, and chlorophyll a concentrations exhibited pro-
nounced gradient variations between inshore and offshore areas (Table 1). Concen-
trations of DIN decreased greatly from the inner shelf to the outer shelf and the con-
centrations at the inshore sites (O1, A1, B1 and C1) were about tenfold higher than10

the offshore areas in July 2008 and 2010. The inner shelf was characterized as highly
productive, with chlorophyll a concentrations generally higher than 2 mgm−3 at most
inshore sites. Temporally, surface water salinity was lower and chlorophyll a concentra-
tions higher in July 2010 than in 2008 and 2009, due to the influence of the Changjiang
flood during the summer of 2010 (Gong et al., 2011). Moreover, the increase in chloro-15

phyll a concentration was not restricted to the inner shelf but also extended to the mid-
dle and outer shelf. In contrast, overall lower concentrations of DIN and chlorophyll a
were observed in July 2009.

3.2 Isotopic signatures of zooplankton and benthic crustacea

Inshore zooplankton samples exhibited more enriched 13C (δ13C=−21.31 ‰20

∼−19.22 ‰) and relatively depleted signatures occurred in the outer shelf
(δ13C=−21.79 ‰∼−20.13 ‰; Table 2). The spatial variation of δ13C was minor in July
2009 with a difference less than 0.5 ‰ between inshore and offshore sites. The δ13C
values of offshore zooplankton were higher in July 2010 than in 2008 and 2009. The
isotopic compositions of zooplankton were assumed to represent the in situ marine25
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production. The range of marine production and terrestrial POM carbon contributed
to consumer food webs was demarcated on δ13C and δ15N biplots (Fig. 2). In total,
the isotopic compositions of 51 benthic crustacean samples belonging to 12 species
of decapoda and stomatopoda were analyzed. The crustacea showed a wide range
of δ13C (−18.87 ‰∼−15.00 ‰) and samples collected at site A1 (mean=−16.07 ‰)5

were significantly higher than that at sites A2 and A3 (p<0.0001; Table 3). δ15N of
crustacea varied from 8.83 to 11.78 ‰ and did not differ significantly among sites. For
six common crustacean species, plots of δ13C and δ15N values against the distance
from shore showed that all of the species exhibited the highest δ13C in the inner shelf
(site A1) and the spatial variation reached 2.07 ‰ for Charybdis bimaculata (Fig. 3a).10

The δ15N values for crustacean species had no consistent spatial trend, yet the inter-
specific variation generally decreased seawards (Fig. 3b).

3.3 Isotopic signature of fish communities

A total of 41 species of demersal fishes collected from 15 trawls in July 2008, 2009
and 2010 were analyzed for their stable isotopic compositions. Overall, the δ13C of15

fish ranged from −19.22 ‰ to −13.72 ‰ and the δ15N ranged between 7.93 ‰ and
13.99 ‰ (Table S1). The isotopic composition of most fish located within the schematic
range of marine production indicates that they fed on zooplankton from either inshore or
offshore locations in all sampling years (Fig. 4). Few individuals showed a probability of
incorporating terrestrial POM. The mean δ13C and δ15N values of demersal fish varied20

from −18.23 ‰ to −14.31 ‰ and 8.76 ‰ to 11.82 ‰, respectively, among sampling
sites (Table 3). For each sampling year, the demersal fish at inshore sites exhibited
significantly higher δ13C values than at offshore sites (p ≤ 0.0001; Table 3). The highest
δ13C values occurred at the inshore sites B1 (2008) and C1 (2009 and 2010). Mean
δ15N values of demersal fish also differed significantly among sampling sites each year25

(p<0.0001). Slightly but significantly lower δ15N values occurred in fish inhbited in the
inner shelf and higher values in the middle to outer shelf. Temporally, fish collected
in July 2008 and 2010 showed larger variation in δ13C values and generally more
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enriched 13C. In contrast, samples in July 2009 exhibited smaller isotopic variation
and more negative δ13C values (Fig. 4). Particularly, fish sampled at sites A1 and
A2 exhibited significantly higher δ13C in July 2010 than in other years (chi-sq=44.15
and 21.09, respectively; p<0.0001), yet fish δ13C at site A3 did not differ significantly
among years (chi-sq=1.9; p = 0.387).5

3.4 Spatiotemporal variations in δ13C and δ15N of fish species

For several common species, including Amblychaeturichthys hexanema, Apogon lin-
eatus, Antennarius striatus, Cynoglossus interruptus, Champsodon snyderi, Cheli-
donichthys spinosus, Lepidotrigla alata, Pennahia argentata and Pleuronichthys cor-
nutus, δ13C and δ15N isotopic values were compared among study sites (generally10

more than three) and among sampling years (generally more than two years). The
δ13C of most species showed the highest values at the inshore area (<200 km from
shore), and gradually decreased with the distance from the shore, especially the ben-
thic fishes – A. hexanema, A. striatus, C. spinosus, and L. alata (Fig. 5). The variation
in δ13C (∆δ13C) from the inshore to offshore areas reached 3.66 ‰ for C. spinosus,15

2.45 ‰ for P. argentata, and 2.77 ‰ for L. alata in July 2008, 2009, and 2010, re-
spectively. Other fish species, including C. snyderi and A. lineatus, exhibited smaller
spatial variation in δ13C values. The δ13C of fishes was found highest in July 2010 and
lowest in July 2009. The seaward decreasing trend of δ13C was less pronounced in
July 2009. Conversely, the δ15N of demersal fishes increased from offshore to inshore20

sites (Fig. 6). For most species, the lowest δ15N values occurred in the inshore areas.
The sciaenid P. argentata demonstrated large spatial variations in δ15N between the
inshore and offshore sites in 2008 (∆δ15N=4.19 ‰) and 2009 (∆δ15N=2.31 ‰); the
δ15N variation of A. hexanema reached 1.80 ‰ in 2010. Nevertheless, a small number
of fishes, such as A. striatusand C. snyderi, showed smaller spatial variations in δ15N.25
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3.5 Relationships between environmental characters and isotopic composition

Linear regressions of fish δ13C on chlorophyll a and DIN concentrations from the three
sample years were significantly positive (r2 = 0.82 and 0.74, respectively; p<0.0001,
Fig. 7a, b) while fish δ15N negatively correlated to these two variables, with the p val-
ues=0.047 and 0.003, respectively (Fig. 7c, d). Highly eutrophic conditions and corre-5

sponding high values of δ13C mainly occurred in July 2008 and 2010, which profoundly
influenced the regression significance.

4 Discussions

4.1 Food source for the benthic ecosystem

In the East China Sea, most fish exhibited higher dependence on in situ marine pro-10

duction, which is characterized as higher δ13C values of −21.79 ‰∼–19.22 ‰ than on
terrestrial particulate organic matters (POM). Although river inputs of terrestrial origin
POM may potentially contribute to coastal fishery productivity, the present study found
very few fish obtained their energy from terrestrial POM (average δ13C=−25.6 ‰; Wu
et al., 2007). The exploitation of terrestrial POM by estuarine macroinvertebrates is15

regarded to be an important pathway for nourishing marine benthic food webs (Ri-
era and Richard, 1996; Bouillon et al., 2000; Darnuad et al., 2004). For instance, the
sole (Solea solea) fishery yield in the Gulf of Lion (NW Mediterranean) was closely
related to the density of deposit-feeding polychaetes, which mainly fed on the terrige-
nous POM derived from the Rhone River (Darnaude et al., 2004). However, the ter-20

restrial material is rich with cellulose and lignin that are refractory and poorly digested
by most aquatic consumers, thus restricting its contribution to higher consumers in
the estuaries and coastal areas (Deegan and Garritt, 1997; Cividanes et al., 2002).
Furthermore, the terrestrial detritus loses energy through the detrital food chain and
long transport time to the open shelf, thus being characterized as a low-quality food25

1061

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/1051/2013/bgd-10-1051-2013-print.pdf
http://www.biogeosciences-discuss.net/10/1051/2013/bgd-10-1051-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 1051–1081, 2013

Riverborne inorganic
and organic matters
to the benthic food

web

N. N. Chang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

source for fishes (Peterson and Howarth, 1987). Although the terrestrial POM trans-
ported by the Changjiang was estimated to contribute >70 % of the total POM within
a distance of <100 km from the river mouth and about 50 % at a distance of 150 km
(Wu et al., 2003), benthic communities in the ECS rarely consumed the terrestrial POM
at any distance off the Changjiang Estuary. The more depleted carbon isotopic ratio of5

the inshore sedimentary organic matters (δ13C<−21.5 ‰ ; Kao et al., 2003) is also
evidence for the residual terrestrial POM in the shelf sediments. Conversely, marine
production is a more nutritious energy source for estuarine and marine consumers (An-
tonio et al., 2012). Marine primary production can either closely correlate to the survival
and growth rates of larval fish and their recruitment or energize benthic juvenile and10

adult fish through the food web. Primary production across the ECS continental shelf
is generally high, particularly in the northwestern half of the shelf where the annual pri-
mary production can reach 155 gCm−2 (Gong et al., 2003). It can therefore be inferred
that phytoplankton production in the ECS plays a more important role in sustaining the
local benthic food web when compared with other relatively oligotrophic seas such as15

the Mediterranean Sea.

4.2 Isotopic variations in benthic consumers

Even though the in situ marine production was the main food source for benthic commu-
nities, large isotopic variations in fish and crustacea occurred among sampling sites.
The δ13C values of these benthic consumers declined with seaward distance, with20

the highest values at the inshore sampling sites (<200 km from the shore). This sea-
ward decline may be caused by higher trophic levels of fish in the inner shelf or more
enriched isotopic signatures at the bottom of the inshore food web (Vander Zanden
and Vadeboncoeur, 2002; Gerdeaux and Perga, 2006). Changes in trophic levels and
trophic links are widely assessed from stable nitrogen isotope (δ15N). The conventional25

trophic enrichment from prey to predator is about 3.4 ‰ for δ15N and less than 1 ‰ for
δ13C (Fry and Sherr, 1984; Minagawa and Wada, 1984; Peterson et al., 1985; Post,
2002). However, this study found that spatial variations in δ15N for benthic consumers
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were even less than in δ13C, the contrary of previous observations. Moreover, the δ13C
and δ15N values of fish showed distinctly opposite spatial trends across the shelf. This
uncoupling of δ13C and δ15N trends across the shelf implied other factors affecting
the isotopic variability of the demersal fish rather than conventional trophic enrichment.
The spatial trend of δ13C for crustacea was similar to that for fish, perhaps caused by5

isotopic variation at even lower trophic levels.
The disparity between δ13C values of inshore and offshore zooplankton is evidence

for isotopic variation in marine primary production in the ECS. Although POM δ13C
might became more depleted with increasing depth (Tan and Strain, 1979), more re-
cent large scale surveys demonstrated no difference between sediment δ13C and sur-10

face POM δ13C at various depths ranging from a few to a thousand meters (Naidu
et al., 2000; Davenport and Bax, 2002). In fact, δ13C signatures of primary producer
in the surface water depend on both the photosynthetic fractionation and the δ13C
of DIC sources (Raven et al., 1994). In the summer period, the ECS shelf acts as
a significant CO2 sink due to the phytoplankton bloom in the inner shelf which is in-15

fluenced by Changjiang freshwater (Chou et al., 2009). The DIC originated from the
solution of atmospheric CO2 (δ13C=−8 ‰∼−7 ‰) is characterized as a relatively
13C-enriched source for the DIC pool (Schindler et al., 1997). During phytoplankton
blooms, the increasing demand for CO2 of algae causes a higher proportion of 13C in
the remaining DIC pool and then the photosynthetic fractionation rate between DIC and20

organic matters further decreases (Gerdeaux and Perga, 2006). The combined effects
of increased availability of atmospheric CO2 and decreased photosynthetic fraction-
ation can result in higher δ13C signatures for pelagic primary producers (Schindler
et al., 1997; Gerdeaux and Perga, 2006). In this study, the sampling sites that were
characterized as high δ13C for fish muscle (i.e. O1, A1, B1 and C1) corresponded25

exactly to the Changjiang plume area where algal blooms occurred frequently dur-
ing May and June (Tang et al., 2006; Wang and Wu, 2009). In particular, large al-
gal blooms over wide areas were observed in July 2010 – the flooding period of the
Changjiang when the average rate of carbon fixation was about 3 times higher than that
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of the non-flood period (Gong et al., 2011). The enhanced carbon fixation could be the
main source for the overall elevated δ13C values for inshore and offshore zooplankton
(δ13C=−20.13 ‰∼−19.96 ‰) and fish (δ13C=−18.67 ‰∼−13.72 ‰) in July 2010.
The flood-induced algal bloom was largely dominated by diatoms (Gong et al., 2011),
which are characterized as a 13C-enriched marine food source (Fry and Wainright,5

1991). Therefore, a reasonable inference is that the isotopically enriched benthic con-
sumers in the inner shelf originated from the spring algal bloom. In contrast, less fresh-
water influence represented by more depleted δ13C of both zooplankton and benthic
consumers was observed in July 2009 when the Changjiang discharge was less than
60 % of that in July 2010 (Gong et al., 2011) and reflected a lower degree of algal10

blooming.

4.3 Application of isotopic analysis for benthic consumers

The δ13C of benthic consumers in the ECS could be a reliable indicator of the eutrophic
status of pelagic ecosystems as it is closely coupled with pelagic primary production.
In addition, the relatively slow turnover rate of fish tissue could provide integrated infor-15

mation about their diet (Vander Zanden and Vadeboncoeur, 2002). Previously, strong
isotopic evidence for eutrophication may come from analyzing in situ POM (Savoye
et al., 2003; Tamelander et al., 2009). For instance, the δ13C of water column POM
was elevated by up to 8 ‰ (average=3 ‰) in the late-bloom stage of an Arctic ma-
rine ecosystem (Tamelander et al., 2009). Nonetheless, it might be controversial to20

determine potential food availability for benthic community by directly measuring the
δ13C of in situ primary producers because of the large variability in the δ13C of POM
(Vadeboncoeur and Jeppesen, 2003) In systems with multiple carbon sources, such
as estuarine and coastal ecosystems, the δ13C of in situ POM may reflect the mixing
signals of both marine and terrigenous primary production. The isotopic signatures of25

POM and sedimentary organic materials across the ECS continental shelf have con-
sistently demonstrated low δ13C values in the estuarine and inshore areas, implying
influence of terrestrial POM (Kao et al., 2003; Wu et al., 2003; Zhu et al., 2008), yet
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this study on zooplankton and benthic consumers displayed the highest δ13C values
in the estuarine and inshore areas. This study demonstrated gradual enrichment of
crustacea and demersal fish δ13C from oligotrophic offshore to eutrophic inshore sites
(spatial variation in δ13C=1 ‰ to >3 ‰). Given that the marine consumers selectively
incorporate more nutritious marine production, the POM in the water column and sedi-5

ment might represent very limited food source for local consumers.

4.4 Potential impediment to contribution of marine production

This study has demonstrated that marine primary production was the major food source
for the ECS benthic ecosystem and the bloom materials may be incorporated into the
benthos. However, the findings do not imply overall positive relationships between al-10

gal blooms and the local biota. The macrofaunal species richness has been found
to drop and the density of opportunistic species to rise in ecosystems that are sub-
ject to increased organic loadings owing to the negative influence of siltation, habitat
modification, and oxygen depletion (Pearson and Rosenberg, 1978; Grall and Chau-
vaud, 2002) In particular, hypoxia has damaged worldwide coastal ecosystems (except15

Antarctica) and caused losses of habitat, prey availability and demersal fishery (Pihl,
1994; Diaz, 2001; Powers et al., 2005). Since the 1960s, the Changjiang estuary and
adjacent waters have suffered from severe seasonal hypoxia, which was estimated to
extend over 12 000 km2 in the recent one decade (Chen et al., 2007) so that the con-
tribution of phytodetritus settling in the hypoxic areas to fishery resources may be very20

limited. In conclusion, riverborne nutrients play an important role in linking the trophic
structure of marine benthic ecosystem to the terrestrial watershed. The isotopic com-
positions of benthic consumers provide useful insights into the major carbon sources
nourishing the benthic ecosystem and eutrophic status of marine pelagic ecosystem.
These results indicate a strong coupling between benthic and pelagic ecosystems in25

the eutrophic marine environment. Finally, the future research combining analyses of
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stable isotope and community structure may shade more light on the balance between
contribution and risk of phytoplankton blooms.

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/10/1051/2013/
bgd-10-1051-2013-supplement.pdf.5
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Savoye, N., Aminot, A., Tréguer, P., Fontugne, M., Naulet, N., and Kérouel, R.: Dynamics of
particulate organic matter δ15N and δ13C during spring phytoplankton blooms in a macrotidal5

ecosystem (Bay of Seine, France), Mar. Ecol. Prog. Ser. 255, 27–41, 2003.
Schindler, D. E., Carpenter, S. R., Cole, J. J., Kitchell, J. E., and Pace, M. L.: Influence of

food web structure on carbon exchange between lakes and the atmosphere, Science, 277,
248–250, 1997.

Shan, X. J., Jin, X. S., and Yuan, W.: Fish assemblage structure in the hypoxic zone in the10

Changjiang (Yangtze River) estuary and its adjacent waters, Chin. J. Oceanol. Limnol., 28,
459–469, 2010.

Tan, F. C. and Stain, P. M.: Carbon isotope ratios of particulate organic matter in the Gulf of St.
Lawrence, J. Fish. Res. Board Can., 36, 678–682, 1979.

Tang, D. L., Di, B. P., Wei, G. F., Ni, I. H., Oh, I. S., and Wang, S. F.: Spatial, seasonal and15

species variations of harmful algal blooms in the South Yellow Sea and East China Sea,
Hydrobiologia, 568, 245–253, 2006.

Tamelander, T., Kivimae, C., Bellerby, R. G., Renaud, P. E., and Kristiansen, S.: Base-line vari-
ations in stable isotope values in an Arctic marine ecosystem: effects of carbon and nitrogen
uptake by phytoplankton, Hydrobiologia, 630, 63–73, 2009.20

Vadeboncoeur, Y. and Jeppesen, E.: From Greenland to green lakes: cultural eutrophication
and the loss of benthic pathways in lakes, Limnol. Oceanogr., 48, 1408–1418, 2003.

Vadeboncoeur, Y., Jeppeson, E., Vanderz, A. M. J., Schierup, H., Chistoffersen, K., and
Lodge, D. M.: Cultural eutrophication and the loss of benthic energy pathways in lakes, Lim-
nol. Oceanogr., 48, 1408–1418, 2003.25

Vob, M. and Struck, U.: Stable nitrogen and carbon isotopes as indicator of eutrophication of
the Oder river (Baltic Sea), Mar. Chem., 59, 35–49, 1997.

Wang, B.: Cultural eutrophication in the Changjiang (Yangtze River) plume: history and per-
spective, Estuarine Coastal Shelf Sci., 69, 471–477, 2006.

Wang, J. and Wu, J.: Occurrence and potential risks of harmful algal blooms in the East China30

Sea, Sci. Total Environ., 407, 4012–4021, 2009.
Welschmeyer, N. A.: Fluorometric analysis of chlorophyll a in the presence of chlorophyll b and

pheopigments, Limnol. Oceanogr., 39, 1985–1992, 1994.

1070

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/1051/2013/bgd-10-1051-2013-print.pdf
http://www.biogeosciences-discuss.net/10/1051/2013/bgd-10-1051-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 1051–1081, 2013

Riverborne inorganic
and organic matters
to the benthic food

web

N. N. Chang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Wada, E., Mizutami, H., and Minagawa, M.: The use of stable isotopes for food web analysis,
Crit. Rev. Food Sci. Nutr., 30, 361–371, 1991.

Wu, Y., Zhang, J., Li, D. J., Wei, H., and Lu, R. H.: Isotope variability of particulate organic
matter at the PN section in the East China Sea, Biogeochemistry, 65, 31–49, 2003.

Wu, Y., Dittmar, T., Ludwichowski, K.-U., Kattner, G., Zhang, J., Zhu, Z. Y., and Koch, B. P.:5

Tracing suspended organic nitrogen from the Yangtze River catchment into the East China
Sea, Mar. Chem., 107, 367–377, 2007.

Zhou, M. J., Shen, Z. L., and Yu, R. C.: Responses of a coastal phytoplankton community to
increased nutrient input from the Changjiang (Yangtze) River, Cont. Shelf Res., 28, 1483–
1489, 2008.10

Zhu, C., Xue, B., Pan, J., Zhang, H., Wagner, T., and Pancost, R. D.: The dispersal of sedimen-
tary terrestrial organic matter in the East China Sea (ECS) as revealed by biomarkers and
hydro-chemical characteristics, Org. Geochem., 29, 952–957, 2008.

1071

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/1051/2013/bgd-10-1051-2013-print.pdf
http://www.biogeosciences-discuss.net/10/1051/2013/bgd-10-1051-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 1051–1081, 2013

Riverborne inorganic
and organic matters
to the benthic food

web

N. N. Chang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Distance from shore, bottom depth, temperature (Temp.), salinity (Sal.), dissolved
inorganic nitrogen (DIN), and chlorophyll a (Chl) concentrations measured in the surface water
(<5 m) of the East China Sea, by year and site (Stn).

Time Stn Distance Depth Temp. Sal. [DIN] [Chl]
(km) (m) (◦C) (µM) (mgm−3)

Jul 2008 A1 151.50 60 25.10 28.52 23.42 3.33
A2 273.40 60 27.41 33.28 1.57 0.13
A3 376.88 90 27.02 31.90 2.22 0.58
A4 465.25 102 28.81 32.63 1.44 0.14
B1 63.50 45 24.26 28.31 35.78 2.28

Jul 2009 A1 151.50 59 24.76 32.10 4.17 1.82
A2 273.40 60 27.09 32.44 0.35 0.92
A3 376.88 89 27.09 32.47 0.31 0.43
A4 465.25 100 26.57 33.19 0.40 0.17
C1 48.26 29 23.74 33.53 8.38 2.30

Jul 2010 O1 77.37 26 24.43 19.33 40.28 1.99
A1 151.50 60 24.52 25.44 22.05 3.36
A2 273.40 59 26.23 29.50 6.64 2.55
A3 376.88 90 26.04 29.41 3.44 1.41
C1 48.26 32 25.34 24.80 27.10 4.67
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Table 2. Stable isotope compositions (δ13C and δ15N) and carbon to nitrogen ratio (C/N) of
zooplankton samples from the East China Sea. Chl. a: concentrations of chlorophyll a in the
surface water (<5 m), by date and site (Stn).

Time Stn Salinity Chl a δ13C (‰) δ15N (‰) C/N
(mgm−3)

Jul 2008 O1 25.62 3.27 −19.22 3.07 7.43
Jul 2008 ZOa 32.29 0.15 −21.37 5.56 6.89
Jul 2009 O1 23.80 2.47 −21.31 2.76 8.42
Jul 2009 A4 33.19 0.17 −21.79 5.26 6.88
Jul 2010 A1 25.44 2.87 −19.96 3.42 5.75
Jul 2010 ZOb 30.09 1.12 −20.13 6.79 6.40
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Table 3. Kruskal–Wallis test and multiple comparisons among mean δ13C and δ15N for crus-
tacea and fish, from the East China Sea, by time and sampling site. N = sample sizes.

Time Stn N Species Total δ13C (‰) δ13N (‰)

df Mean SD Chi-sq p-value Mean SD Chi-sq p-value

Crustacean Jul 2008 A1 27 12 50 −16.07a 0.65 34.48 <0.0001 10.60 0.79 0.1 0.95
A2 17 6 −17.65b 0.55 10.56 0.5
A3 7 4 −17.87b 0.56 10.65 0.27

Fish Jul 2008 B1 14 5 164 −15.32a 0.7 99.71 <0.0001 10.76b 0.49 26.23 <0.0001
A1 39 14 −16.12a 0.8 11.22ab 0.91
A2 54 22 −17.56b 0.55 11.29b 0.91
A3 34 17 −17.50b 0.74 11.82a 0.9
A4 24 11 −18.23c 0.54 10.66b 0.94

Jul 2009 C1 11 3 77 −16.86a 0.7 22.7 0.0001 10.24b 0.87 26.8 <0.0001
A1 25 8 −17.17a 0.55 10.65b 0.75
A2 18 6 −17.51ab 0.57 11.44a 0.83
A3 14 6 −17.75b 0.39 11.73a 0.5
A4 10 4 −17.82b 0.36 11.20ab 0.8

Jul 2010 O1 9 3 86 −15.93ac 0.96 54.22 <0.0001 8.76d 1.19 35.77 <0.0001
C1 7 2 −14.31a 0.44 9.48cd 0.75
A1 29 10 −15.38a 0.84 10.61bc 0.61
A2 21 10 −16.69bc 0.66 11.22a 0.62
A3 21 7 −17.48b 0.91 10.96ab 0.62

Different superscript letters indicate a significant difference among sites in a given year.
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Fig. 1. Map showing the study area in the East China Sea. Filled circles indicate the sam-
pling sites for benthic consumers and reverse triangle symbols indicate the sampling sites for
zooplankton.
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Fig. 2. δ13C and δ15N biplot of crustacea collected from the East China Sea in July 2008.
Funnel-shaped areas show the potential isotopic ranges of consumers that fed on inshore and
offshore marine primary consumers (zooplankton) and terrestrial particulate organic matters
(POM) (considering trophic enrichment of +1 ‰ in δ13C and +4.5 ‰ in δ15N and of +2 ‰ in
δ13C and +2.5 ‰ in δ15N).
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Fig. 3. (a) δ13C and (b) δ15N values of crustacea from the East China Sea versus the distance
from shore.
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Fig. 4. δ13C and δ15N biplot of demersal fish collected from the East China Sea in July of (a)
2008, (b) 2009 and (c) 2010. Funnel-shaped areas showing the potential isotopic composition
ranges of consumers that fed on zooplankton (Zoop.) or terrestrial POM (considering trophic
enrichment of +1 ‰ in δ13C and +4.5 ‰ in δ15N and of +2 ‰ in δ13C and +2.5 ‰ in δ15N).
Each data point indicates the isotopic composition of one fish.
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Fig. 5. Spatial and temporal variations in δ13C (mean ± SD) of nine common fish species from
the East China Sea.

1079

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/1051/2013/bgd-10-1051-2013-print.pdf
http://www.biogeosciences-discuss.net/10/1051/2013/bgd-10-1051-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 1051–1081, 2013

Riverborne inorganic
and organic matters
to the benthic food

web

N. N. Chang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 6. Spatial and temporal variations in δ15N (mean ± SD) of nine common fish species from
the East China Sea.
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Fig. 7. Stable carbon and nitrogen isotope compositions of fish muscle from the East China
Sea, by sampling site and date, plotted against concentrations of chlorophyll a and dissolved
inorganic nitrogen (DIN). White, grey and black triangles indicate the samplings in July 2008,
2009 and 2010, respectively. Solid lines are simple linear regressions with equation, r2 and
p-values.
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