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The East China Sea (ECS) receives large quantities of particulate organic matter (POM) and inorganic
nutrients transported from the Changjiang (Yangtze River), which have produced high productivity in
the northwestern ECS. This study evaluated potential contributions of terrigenous POM (allochthonous
food source) and nutrient-induced marine production (autochthonous source) to the ECS benthic
ecosystem by analyzing stable isotopic compositions of phytoplankton, zooplankton, benthic crustaceans
and fish. Benthic consumers exhibited 8'3C values similar to those of their autochthonous food sources
(i.e., phytoplankton and zooplankton), revealing their major reliance on marine production. In contrast,
the 8'3C values of benthic fish (—19.6%. to —13.5%0) and crustaceans (—18.9%. to —15.0%.) were much
higher than that of terrigenous POM ( —25.7%.), which generally accounted for less than 20% of the most
fish diet. Phytoplankton and zooplankton generally exhibited higher 8'3C values at eutrophic and highly
productive inshore sites than at oligotrophic offshore sites. This enrichment of inshore §'>C values was
mainly attributed to lower photosynthetic fractionation during algal blooms, an effect that was further
enhanced during flood period of the Changjiang. The 8'3C values of demersal fish assemblages were also
significantly higher at inshore sites and decreased seaward. However, fish 8'°N values and their
estimated trophic levels showed relatively small spatial variation. The disproportionate variations in
8'3C and 8'°N values suggested that the enriched C isotopic signatures derived from an elevated 8'C
baseline of the inshore food web instead of trophic enrichment of the isotopic ratios. The significantly
positive correlations between concentrations of chlorophyll a and nutrients versus fish 8'*C provided
further evidence for the use of pelagic algal bloom materials by inshore consumers. The isotopic and
oceanographic survey data suggested that inorganic nutrients discharged from the Changjiang River
nourish benthic consumers in the ECS and play an important role in linking marine benthic ecosystems
to local pelagic primary production as well as to the adjacent terrestrial watershed.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

anthropogenic activities have caused catastrophic changes in large
rivers and the adjacent marginal seas, principally by over-

Coastal ecosystems adjacent to large rivers are tightly connected
to terrestrial environments via large inputs of freshwater and
materials. River inputs of nutrients greatly accelerate the growth
of marine primary producers and nitrogen loadings are positively
related to fisheries yields (Nixon et al., 1986). Understanding how
marine communities utilize river-discharged materials is important
for tracing energy flow and resources distribution from terrestrial to
marine ecosystems (Antonio et al, 2010). During past decades,
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enrichment of nutrients (Nixon, 1995; Diaz, 2001). The global
nitrogen and phosphorus fluxes from rivers to coastal oceans have
grown more than two- to threefold over the past half century,
resulting in more than 760 coastal areas undergoing eutrophication
(Howarth et al., 1995; Galloway et al., 2004; Diaz et al, 2011).
Nutrient-promoted phytoplankton blooms may positively nourish
the local biota by providing organic matter (Graf, 1992; Nascimento
et al., 2008), yet these blooms also may harm marine ecosystems by
causing hypoxic conditions (Breitburg, 2002; Grall and Chauvaud,
2002). Though eutrophication generally originates in pelagic eco-
systems, the effects of increased organic deposition, accelerated
oxygen consumption, and modified habitat structure can transcend
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ecosystem boundaries (Grall and Chauvaud, 2002; Vadeboncoeur
et al., 2003). Therefore, both the marine pelagic and benthic
communities in the sea areas abutting rivers are susceptible to the
effects of terrigenous nutrients.

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 have risen more than five-fold
between the 1960s and the end of 1990 (Wang, 2006). In the late
1990s more than 1.4 x 10° t yr~! of inorganic nitrogen was con-
veyed from the Changjiang into the ECS (Gao and Wang, 2008).
The nutrient overload increased the occurrence of spring algal
blooms in the Changjiang estuary and ECS from less than 10 times
per year to more than 80 times per year between the 1930s and
2000s (Zhou et al., 2008). Though the frequent algal blooms were
thought to be deleterious by causing bottom-water hypoxia (Chen
et al,, 2007) and by damaging benthic communities (Chang et al.,
2012), these bloom materials also could act as nutritious food for
marine secondary producers and contribute to higher trophic
consumers in the ECS ecosystem, particularly in the Changjiang
freshwater impacted area (isohaline of salinity 31) where the
highest algal biomass was observed (Gong et al., 2011).

Riverborne organic materials also have the potential to nourish
benthic consumers. Terrestrial particulate organic matter (POM)
could be incorporated by marine benthic food webs and contribute
to fishery catches via ingestion by local macrofauna, such as
molluscs, crustaceans and polychaetes (Gearing et al., 1991; Riera
and Richard, 1996; Bouillon et al., 2000; Darnaude et al., 2004).
The Changjiang annually transports about 4.4 x 10° t of particulate
organic carbon to the adjacent ECS (Dagg et al., 2004; Gao and
Wang, 2008). The transported terrigenous particles could travel
more than 250 km from shore (Wu et al., 2007a), thus potentially
providing an alternative food source for the benthic consumers
across the continental shelf. It remains unclear whether the ECS
benthic consumers would concurrently utilize the autochthonous
(marine primary production) and allochthonous organic matter
(riverborne POM), and which the main food source is.

Stable carbon and nitrogen isotope analyses have been success-
fully applied to clarify trophic structure with multiple food sources
(Minagawa and Wada, 1984; Peterson et al., 1985). The 8'3C signal
of terrestrial POM is generally isotopically lighter by 5-6%. than
marine production and the 8'C undergoes little change (approx.
1%, Peterson et al., 1985) during transmission through trophic
levels. Thus, carbon isotopic ratio is increasingly applied to explore
linkages between riverine material and marine ecosystems (Voss
and Struck, 1997). The C isotope variability of consumers along the
terrestrial-estuarine-marine gradient indicates a natural enrich-
ment trend of §'3C values from estuarine to coastal areas in river-
influenced ecosystems such as the observations in Thames Estuary
and Louisiana coastal waters (Leakey et al., 2008; Fry, 2011).
This enrichment ranged from about 3%, for POM (Fry and
Wainright, 1911) to more than 7%. for benthic fish (Leakey et al.,
2008) depending on the geographical scales of sampling, levels of
fluvial influence, or trophic status of the environment. This
increasing trend indicates both the mixing of terrestrial and
marine organics and the significant differences in the baseline
isotopic signatures along this spatial gradient because the carbon
isotopic composition of primary producers would be modified in
different nutrient regimes (Gearing et al., 1991; Savoye et al.,
2003). In highly eutrophic and productive systems, the photosyn-
thetic fractionation between DIC and organic C is often reduced,
thus elevating the 8'C values of primary producers (Cifuentes
et al., 1988). Stable nitrogen isotopes could assess organisms'
trophic positions because consumers tend to have higher 8°N
than their foods by an average of 3-4%. (Minagawa and Wada,

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 isotopic compositions of
food sources and consumers, the spatial and temporal variations in
food utilization by benthic consumers across the ECS shelf may be
clarified.

Spatial differences in benthic communities' diets are greatly
determined by the shift in relative availabilities of food sources
(Antonio et al., 2010, 2012). In the ECS, amounts of both algal
bloom materials and riverborne POM are most concentrated in the
Changjiang mouth and inshore waters and rapidly decrease sea-
ward (Wu et al., 2003, 2007a; Gong et al., 2011). Therefore, we
hypothesized that the benthic consumers may exhibit a spatial
dietary shift from mixed food sources of terrestrial POM and
marine production in the inner shelf to mono-source of in situ
marine production in the outer shelf. By analyzing the isotopic
compositions of demersal fish and crustaceans across the ECS
continental shelf, we may ascertain how food utilization by
benthic consumers varies along a trophic gradient. Moreover,
determining the spatial variability in energy uptake by benthic
consumers across an extensive shelf with land-based influence
may allow further prediction about the effects of environmental
changes on the benthic ecosystems.

2. Materials and methods
2.1. Study sites and sample collection

The demersal fish and benthic crustaceans were repeatedly
collected from the ECS in July of 2008, 2009 and 2010. The details
of sampling methods have been described in Chang et al. (2012).
The surveyed sites encompassed large spatial scale and trophic
gradients from the eutrophic inshore area to the mesotrophic and
oligotrophic outer shelf (Fig. 1). The inshore sites (i.e. <150 km
from the land, sites O1, A1, B1, C1) were generally shallower than
60 m and influenced by Changjiang freshwater discharge (Table 1).
The trawled fish and benthos were frozen on board immediately
and identified to species in the laboratory. Stable isotopic compo-
sition of several fish and crustacea species were determined. For
the benthic crustaceans (decapoda and Stomatopoda), only the
individuals collected from sites A1-A3 in July 2008 were analyzed.

In order to distinguish marine production from terrestrial POM,
isotopic compositions of phytoplankton communities from both
inshore and offshore sites in July 2009 and 2010 were analyzed
(Fig. 1). Surface water samples from each station were first filtered
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Fig. 1. Sampling sites for benthic consumers (), phytoplankton and zooplankton
(v) in the East China Sea.
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Table 1

Distance from shore, bottom depth, temperature, salinity, dissolved inorganic
nitrogen (DIN), and chlorophyll a (Chl) concentrations measured in the surface
water (2-3 m) of the East China Sea, by year and site (Stn).

Time/ Stn Distance  Depth  Temp. Salinity DIN Chl
location (km) (m) (°C) (uM)  (mgm™?)
July 2008
Inshore O1 96 46 22.76 21.62 32,67 3.27
Offshore 06 529 102 28.68 32.29 2.19 0.15
Inshore A1l 139 60 25.10 28.52 2342 3.33
Offshore A2 273 60 27.41 33.28 1.57 0.13
Offshore A3 377 90 27.02 31.90 222 0.58
Offshore A4 465 102 28.81 32.63 144 014
Inshore B1 64 45 24.26 28.31 35.78 2.28
July 2009
Inshore O1 79 31 2443 23.80 349 247
Inshore A1l 139 59 24.76 32.10 417 1.82
Offshore A2 273 60 27.09 3244 0.35 0.92
Offshore A3 377 89 27.09 32.47 0.31 0.43
Offshore A4 465 100 26.57 33.19 0.40 0.17
Offshore B3 238 69 2745 33.47 0.33 0.22
Inshore C1 48 29 23.74 33.53 8.38 2.30
July 2010
Inshore O1 77 26 2443 19.33  40.28 1.99
Inshore A1l 139 60 24.52 2544  22.05 3.36
Offshore A2 273 59 26.23 29.50 6.64 255
Offshore A3 377 90 26.04 2941 3.44 141
Offshore B3 238 70 26.36 30.09 6.10 1.20
Inshore C1 48 32 25.34 2480 27.10 4.67

through a 50 pm mesh size net to remove zooplankton. Then, 5 L of
each water sample was filtered onto a pre-combusted (500 °C, 24 h)
GFJF filter. After filtration the GF/F filters were frozen at —20 °C
immediately for further isotopic analyses. At a given site, the isotopic
composition of one filter sample was taken to represent the in situ
marine primary production. Zooplankton assemblages were also
collected by obliquely towing a 200 pm mesh net from 10 m above
the bottom to the surface water. At each sampling site, the collected
zooplankton were further wet-sieved through serial meshes (mesh
size=2000, 1000, 500, 363 and 200 pm) to obtain size-fractioned
samples (i.e., the composites of organisms belonging to the same
size category). Stable isotopic analyses were performed for zoo-
plankton samples of each size fraction and the 200-363 pm size
group was used to represent the pelagic primary consumers.
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 from the
sea surface to near the bottom at intervals of 5-20 m by the
CTD rosette assembly (Model1015, General Oceanics Inc., USA).
Generally, six water samples at different depths would be
collected and measured for each site and the sea surface measure-
ments (generally 2-3 m depth) were used to study the relation-
ships between environmental characteristics and isotopic values.
For chlorophyll a analysis, water samples from the sea surface
were filtered through a GF/F filter paper (Whatman, 47 mm) and
determined fluorometrically with a precision of 0.02 mgm 3.
Phosphate and silicate were measured by molybdenum blue and
the silicomolybdenum blue methods (Pai et al., 1990) to precisions
of 0.01 pM and 0.5 pM, respectively. At each sampling site, con-
centrations of inorganic nitrogen were also determined for each of
the six sampling depths using the analytic methods described in
Parsons et al. (1984), Welschmeyer (1994) and Gong et al. (2000).
Nitrate (NO3'), nitrite (NO;) and ammonium (NHJf) were all
determined independently and then pooled as dissolved inorganic
nitrogen (DIN) for statistical computation. The analytical precision

for salinity, nitrate, nitrite, and ammonium were + 0.003 psu,
0.3 pM, 0.01 pM, and 0.06 pM, respectively.

2.2. Stable isotopic analysis

A typical 8'C value for terrestrial organic matter is about
—26.5%o (Peters et al., 1978; Wada et al., 1987). However, the POM
in the Changjiang freshwater has slightly higher 6'3C values due to
the influence of anthropogenic organic input (Wu et al., 2007a).
The POM had similar 8'3C values among upper and lower reaches
as well as main stream and tributaries, with an average of
—25.6 +0.7%0 (Wu et al., 2007b). This study uses the isotopic
ratios of POM in the Changjiang lower reach to represent the
isotopic composition of riverborne POM, with —25.7 + 0.1%. for
8'3C and 4.3%. + 1.0 for "N (Wu et al.,, 2007b).

Stable carbon and nitrogen isotopic ratios of the filtered phyto-
plankton, the whole body of zooplankton, and the muscle tissues of
demersal fish and benthic crustaceans were determined. The
phytoplankton and zooplankton samples (composites of several
individuals) were acid-treated with 1 N HCI to remove calcium
carbonate (CaCOs). The acidic treatment does not significantly
change the isotopic values of organic matter (Kanaya et al,, 2007).
Muscle tissues from the upper dorsal trunk of fish and the cheliped
of shrimp (mantis shrimp included) and crab were extracted from
each individual. All the extracted tissue samples were dried at 60 °C
for a minimum of 24 h and further ground into powder for isotopic
analyses. The total contents of carbon and nitrogen as well as
isotopic compositions of phytoplankton, zooplankton, and benthic
consumers were determined using an automatic elemental analyzer
(Carlo-Erba EA 2100) connected to a Thermo Finnigan DeltaP'"s
Advantage isotope ratio mass spectrometry (IRMS). Analyzed results
are expressed by the standard J notation as the following:

O0X = (Rsample /Rstandard — 1) x 1000(%o),

where X is C or N, and R is >C/*C for carbon and "N/*N for
nitrogen. PeeDee belemnite (PDB) and atmospheric nitrogen were
used as the 8'C and 8'°N standards, respectively. The U.S. Geolo-
gical Survey standard #40 (L-glutamic acid), which has certified
813C value of —26.2%. and 8'°N value of —4.5%. and acetanilide
(Merck) with 8'3C value of —29.8%. and 8'°N value of — 1.5%. were
used as working standards. The reproducibility of both carbon and
nitrogen isotopic measurements was better than 0.15%., which is
much smaller than the wide distribution of isotopic compositions of
the analyzed marine organisms in this study.

2.3. Data analysis

The trophic enrichment factors for 8°N and &'3C values
generally vary between 2.5-4.5%. (Minagawa and Wada, 1984;
Post, 2002) and 1-2%. (Wada et al., 1991), respectively, and the
maximum and minimum trophic enrichment values were concur-
rently considered to demarcate ranges of terrestrial POM and
marine production-based food webs on the carbon and nitrogen
dual isotope plot. In July 2009 and 2010, the mean isotopic
compositions of inshore (sites O1, A1 and C1) and offshore sites
(sites A4 and B3) phytoplankton were calculated, respectively, and
applied to represent the inshore and offshore marine primary
production on the dual isotope plot. In July 2008, due to the lack of
phytoplankton samples, the isotopic compositions of zooplankton
at sites O1 and O6 were applied to represent the inshore and
offshore marine production, respectively. A Bayesian isotopic
mixing model was used to quantitatively estimate the contribu-
tions of terrestrial POM and marine production to fish diet with an
open source SIAR package (Parnell et al., 2008). The SIAR model is
fit via Markov Chain Monte Carlo (MCMC) methods and takes the
variability in source and consumers' isotopic signatures, dietary
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isotopic fractionation, and elemental concentration into account.
While computing the relative contributions, consumers inhabited
inshore and offshore were separated due to the different baseline
isotopic compositions. The SIAR model was setting to run 500,000
iterations and then produced a simulation of probability distribu-
tions of relative food source contributions to consumers' diet. We
applied the mean value and residual errors of the estimated
contributions to explore the major food source for the benthic fish.

To elucidate the temporal and spatial variabilities of isotopic
signatures, the mean 8'C and 8'N values of zooplankton and
benthic consumers (fish and crustaceans) were compared among
sampling sites and years by non-parametric ANOVA (Kruskal-
Wallis test) and multiple comparison (Tukey's HSD test). Trophic
positions of demersal fish were calculated by the following
equation:

TPconsumer = }\‘+(515NCOHSU1TIEI' - 515Nbase)/TEF’

following Post (2002). A and 8Ny, represented the trophic level
and nitrogen isotopic ratios of marine primary consumers (i.e.
zooplankton; A=2). TEF is the trophic enrichment factor, which is
generally about 3.2%. for actinopterygian fish (Sweeting et al,,
2006). Simple linear regression was used to determine whether
the isotopic values were associated with environmental character-
istics, especially the eutrophic-related variables such as chloro-
phyll a and DIN concentrations.

Table 2
Stable isotopic compositions (5'3C and §'°N) and carbon to nitrogen ratios (C/N) of
phytoplankton collected in July 2009 and 2010.

Time Stn 8'3C (%) §'°N (%o0) C/N
July 2009 01 —~209 1.7 6.3
Al —215 49 6.2
C1 —-203 39 5.5
A4 -23.0 43 6.5
B3 —23.0 3.7 6.9
July 2010 01 —211 2.3 45
Al ~19.9 5.1 5.5
C1 -213 2.7 5.9
B3 —19.9 4.2 5.5
Table 3

3. Results
3.1. Environmental characteristics across the ECS continental shelf

The three-year summer sampling in the ECS continental shelf of
environmental characteristics, i.e. salinity, temperature, inorganic
nitrogen, and chlorophyll a concentrations showed pronounced
gradient variations between inshore and offshore areas (Table 1).
Concentrations of DIN decreased greatly from the inner shelf to the
outer shelf and the concentrations at the inshore sites (01, A1, B1,
and C1) were about tenfold higher than the offshore areas in July
2008 and 2010. The concentrations of chlorophyll a in the inner shelf
were generally higher than 2 mgm~> and several samples even
reached 3 mgm~2 (Table 1), which could be defined as a high
nutrient pollution level in coastal marine surface waters (Swedish
eutrophication classification system; Smith, 2003). Temporally, the
monthly average discharge rates from the Changjiang were highest
in July 2010 (60,527 m®*s~!) and lower in July 2008 and 2009
(39,427 and 33,955m°s~!, respectively). Overall surface water
salinity was lower and chlorophyll a concentrations higher in July
2010 than in 2008 and 2009, due to the wide influence of the
Changjiang flood during the summer of 2010 (Gong et al., 2011), in
which the increase in chlorophyll a concentration was not restricted
to the inner shelf but also extended to the middle and outer shelf.
In contrast, relatively lower concentrations of DIN and chlorophyll a
were observed in overall survey area in July 2009.

3.2. Isotopic signatures of phytoplankton and zooplankton

813C values of phytoplankton communities collected in July
2009 and 2010 varied from —23.0%c to —19.9%. (Table 2).
Phytoplankton in July 2009 exhibited slightly higher §'C at
inshore sites 01, A1 and C1 than offshore sites A4 and B3, yet
2010 samples showed smaller variability in §'3C values across the
shelf. Phytoplankton 8'°N varied from 1.7%o to 5.1%. and exhibited
a larger isotopic range in the inner shelf (1.7-5.1%0) than in outer
shelf (3.7-4.3%o).

The mean 8"C value of five size-fractioned zooplankton
samples showed significantly higher values at inshore sites than
offshore sites in July 2008 and 2009 (Table 3, p=0.009 and 0.0002,
¥>=6.82 and 22.01, respectively; Kruskal-Wallis test). However, in
July 2010, the inshore and offshore zooplankton exhibited similar
mean &'3C values, without significant spatial difference (p=0.12,
¥*=5.81; Kruskal-Wallis test). The 8'3C values for zooplankton of
the 200-363 pm size group were similar to the mean values of all
size groups (Table 3), with more enriched 8'>C values ( —21.3%. to

Mean stable isotopic compositions and carbon to nitrogen ratios (C/N) for 5 size-fractioned zooplankton samples (200-363, 363-500, 500-1000, 1000-2000, > 2000 um)
and the zooplankton samples of the 200-363 pm (5"3C200-363, 8°N2oo-363 and C/Nago_363) size group. Different superscript letters indicate a significant difference among

sampling sites in a given year (Kruskal-Wallis test and multiple comparisons).

Stn 813C (%o) 81N (%0) C/N200-363
Time
Mean( + SD) 7 p-Value 83C200-363 Mean( + SD) 7 p-Value 8""N200-363
July 2008 01 -19.1 +1.57 6.82 0.009 —-19.2 45+23 3.15 0.075 31 7.4
06 —211+01° -214 6.4+12 5.6 6.9
July 2009 01 —20.5 +0.8%"¢ 22.01 0.0002 —-213 3.8+27° 18.89 0.0008 2.8 84
Al —18.6 +0.2¢ —18.5 8.0 +£0.6° 7.3 6.2
C1 —16.4 £+ 0.6* —-171 83+11° 71 6.4
A4 —22.0+02° -21.8 5.4 +0.3%° 53 6.9
B3 —20.9+ 04" —-205 5.6 +0.5% 5.1 71
July 2010 01 —-199+12 5.81 0.121 —-21.1 4.6+1.3% 14.86 0.002 3.8 5.9
Al —19.3 +0.8 —-20.0 4.6+ 12% 3.4 5.8
C1 —205+0.7 —19.5 1.6+ 13" 1.2 53
B3 —-193+0.7 —-20.1 74+ 0.6% 6.8 6.4
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—171%0) in the inner shelf than in the outer shelf (—21.8%¢ to
—20.1%0, Table 3). In contrast, "N values for the 200-363 pm
zooplankton size group exhibited generally lower values and
larger variation at inshore sites (1.2-7.3%0) than at offshore sites
(5.1-6.8%o, Table 3).

3.3. Isotopic signature of benthic crustacean

The isotopic compositions of 51 individual benthic crustaceans
belonging to 12 species of decapoda and stomatopoda were
analyzed. The C and N dual isotope plot of all crustaceans showed
a wide range of 8'3C (—18.9%. to —15.0%., Fig. 2) with signifi-
cantly higher values at site A1 than that at sites A2 and A3 (Table 4,
p <0.0001, y*=34.48; Kruskal-Wallis test). Comparing isotopic
values of the same species among sites, several crustacea species
also had higher 8'3C values at the inshore sites A1 (Fig. 3a) and the
spatial isotopic difference between inshore and offshore sites
reached 2.1%. for Charybdis bimaculata. The 8N values of
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Fig. 2. Carbon and nitrogen dual isotope plot of crustaceans 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 (herein
zooplankton) and terrestrial particulate organic matters (POM), considering trophic
enrichment of +1%. in §>C and +4.5%o in 5'°N (lines of steeper slope with §'°N:
513C=4.5) and of +2% in 'C and +2.5%c in 8"°N (lines of gradual slope with

crustaceans varied from 8.8%. to 11.8%. with no significant
difference among sampling sites (Table 4, p=0.95, y*=0.1; Krus-
kal-Wallis test). The 8'°N values for crustacea species exhibited
larger interspecific variation at inshore site A1 than offshore sites

(Fig. 3b)
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Fig. 3. (a) 6'C and (b) 5"°N values of crustacea species from the East China Sea
versus the distance from shore. Each data point represented the mean isotopic

5°N:8'3C=1.25).

Table 4

value of one species.

Kruskal-Wallis test and multiple comparisons of mean 5'>C and §'°N values of crustaceans and fish among sampling sites (Stn) in a given year. N=sample sizes. Different
superscript letters indicate a significant difference among sites in a given year.

Stn N species Total 513C (%o) 813N (%0) Trophic level
Time
df Mean SD Ve p-Value Mean SD Ve p-Value
Crustacean
July 2008 Al 27 12 50 —16.12 0.7 34.48 <0.0001 10.6 0.8 0.1 0.95 -
A2 17 6 —17.6° 0.6 10.6 0.5 -
A3 7 4 —17.9° 0.6 10.7 0.3 -
Fish
July 2008 B1 14 5 164 —15.3° 0.7 99.71 <0.0001 10.8° 0.5 26.23 <0.0001 -
Al 39 14 -16.12 0.8 11.2% 0.9 41+03
A2 54 22 —17.6° 0.6 11.3° 0.9 -
A3 34 17 —17.5° 0.7 11.87 0.9 -
A4 24 1 —18.2¢ 0.5 10.7° 0.9 3.6+03
July 2009 C1 1 3 77 -16.9* 0.7 22.70 0.0001 10.2° 0.9 26.8 <0.0001 3.0+0.3
Al 25 8 —17.22 0.6 10.7° 0.8 28+02
A2 18 6 —17.5% 0.6 1147 0.8 34+03
A3 14 6 —17.8° 0.4 11.72 0.5 35+0.2
A4 10 4 —17.8° 0.4 11.2% 0.8 32402
July 2010 01 9 3 86 —15.9% 0.9 54.22 <0.0001 8.8¢ 12 35.77 <0.0001 3.0+04
C1 7 2 —14.3° 0.4 9.5¢ 0.8 31+02
Al 29 10 —15.4° 0.8 10.6"¢ 0.6 27+02
A2 21 10 —16.7°¢ 0.7 11.2° 0.6 32+02
A3 21 7 —17.5° 0.9 11.0%° 0.6 31+02
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3.4. Isotopic signature and relative food source contributions for 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 8'3C values of individual fish ranged
from —19.2%0 to —13.7%0 (Supplementary Table 1). The isotopic
composition of most fish was located within the range of marine
production at both inshore and offshore sites, but relatively fewer
fish showed evidence of incorporating terrestrial POM (Fig. 4).
The carbon source for demersal fish mostly derived from marine
origin (71.8-98.7%) and terrestrial POM generally accounted for
less than 10% of fish diet at most sites in July 2008 and 2010
estimated by Bayesian mixing model. The largest contributions by
terrestrial POM occur in July 2009 with the contributions of
terrestrial POM ranged between 3.4% and 25.3% (Table 5).
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Fig. 4. Carbon and nitrogen dual isotope plot 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 marine
production, i.e. zooplankton (Zoop.) and phytoplankton (Phytop.) or terrestrial
POM, considering trophic enrichment of +1%. in 8'>C and +4.5%¢ in 5'°N (lines of
steeper slope with 5'°N:5'>C=4.5) and of +2%. in 8'*C and +2.5%. in 8'°N (lines of
gradual slope with 8'°N:5'°C=1.25). Each data point indicates the isotopic
composition of one individual.

Overall, the mean 8'3C value of the fish assemblage at a given
site varied from —18.2%. to —14.3%.. The differences of 8'C
values between fish assemblages and terrestrial POM ranged from
7.4%o to 11.3%. with larger differences observed closer to the shore
(over 10%. at inshore sites B1 in 2008, C1 and A1 in 2010, Fig. 5).
For each sampling year, demersal fish at inshore sites exhibited
significantly higher mean 8'3C values than at offshore sites
(Table 4). The highest 8'3C values occurred at the inshore sites
B1 (2008) and C1 (2009 and 2010). Fish collected in July 2008 and
2010 showed larger spatial variation and generally higher 8'3C
values (Fig. 5). In contrast, fish assemblages in July 2009 exhibited
smaller isotopic variation and more negative 8'>C values. Among
years, fish communities from sites A1 and A2 exhibited signifi-
cantly higher 8'3C values in July 2010 than in other years
(y*=44.15 and 21.09 for sites A1 and A2, respectively; p < 0.0001
in both case).

The mean 8'°N values of fish assemblage ranged between 8.8%.
and 11.8%. (Table 4). Mean 8'°N values of fish assemblages also
differed significantly among sampling sites (p < 0.0001, y*=26.23,
26.80, and 35.77 for 2008, 2009, and 2010; Kruskal-Wallis test)
and exhibited an opposite trend to that of 8'3C values. The fish
assemblage inhabiting the inner shelf had slightly and significantly
lower 8'°N values while higher values occurred in the middle to
outer shelf. The mean trophic position of fish assemblages were
calculated based on the isotopic compositions of primary con-
sumers (i.e. zooplankton). The trophic positions of fish of all
sampling sites generally ranged between 3 and <5 and most
fishes exhibited the trophic level >3, characterizing then as
carnivores (Supplementary Table 1).

3.5. Spatiotemporal variations in §3C and 6N of fish species

The fish species Amblychaeturichthys hexanema, Antennarius
striatus and Cynoglossus interruptus were found at most stations.
The 8'3C values of these species showed the highest values in July
2010 and in the inshore areas (<150 km from shore) and
gradually decreased with distance from the shore (Fig. 6).
The largest 8'3C differences between inshore and offshore sites
reached 2.9%. for A. striatus collected in 2008. The seaward
decreasing trend of 8'3C values was less pronounced in July
2009. Conversely, the 8°N of demersal fishes increased from
inshore to offshore sites (Fig. 6). The largest spatial variation in
815N values was 1.8%. observed in A. hexanema in 2010.

Table 5
Relative contributions of marine (%Cpnytojzoop) and terrestrial (%Cipom) carbon
sources for fish, by year and site (Stn).

Time Stn Cphytozoop (%)  Residual error  Cipom (%) Residual error
July 2008 B1 95.3 5.00 4.7 1.83
Al 98.7 5.19 13 0.47
A2 98.3 2.73 1.7 2.57
A3 97.0 330 3.0 2.74
A4 97.0 222 3.0 1.99
July 2009 C1 89.6 3.69 104 2.68
Al 96.6 3.88 34 1.89
A2 844 4,62 15.6 4.06
A3 81.0 5.00 19.0 3.93
A4 74.7 4.63 253 4.20
July 2010 01 86.2 3.94 13.8 3.05
C1 71.8 4.77 28.2 5.81
Al 96.0 532 4.0 2.90
A2 96.6 4.10 34 1.55
A3 96.1 3.84 3.9 110
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3.6. Relationships between environmental characters and isotopic
composition

Linear regressions of fish 3'>C values against surface DIN, PO,
SiOs, and chlorophyll a concentrations across the three sampling
years showed significant positive slopes (p < 0.0001, Fig. 7). Highly
eutrophic conditions and corresponding high values of &'3C
mainly occurred in July 2008 and 2010. In contrast, fish 8°N
negatively correlated to DIN, SiOs, and chlorophyll a concentra-
tions (Fig. 8). Those sites with higher concentrations of nutrients
and chlorophyll a generally had lower mean 8'°N values of fish
assemblages.

4. Discussion
4.1.

Food source for the benthic ecosystem

In the East China Sea, most fish exhibited higher dependence
on in situ marine production, which is characterized by higher

813C values than on terrestrial particulate organic matter (POM).
The large differences in 83C values between fish assemblages and
terrestrial POM reflected less use of the Changjiang riverborne
POM by local benthos. Although the microbial reworking on
terrestrial POM may further modify 5'3C values of the remaining
organic matters along the transportation from river to shelf
(Hedges et al, 1997; Wu et al, 2003), the 8'C values for
sedimentary organic matter (—22.4%. to —20.1%.) were still much
lower than that for fish assemblages (Kao et al., 2003). The largest
813C difference between sedimentary OM and fish even reached
8%o in the inner shelf (Supplementary Table 2). These results
implied strong diet selection of the benthic consumers and
reflected residual terrestrial POM in the shelf sediments.
Although river inputs of terrestrial origin POM can potentially
contribute to coastal fishery productivity, we found that fish
receive slightly higher energetic benefits from terrestrial POM
only under the condition of lower river discharge instead (e.g., July
2009). The exploitation of terrestrial POM by estuarine macro-
invertebrates is regarded to be an important pathway for nourish-
ing some marine benthic consumers (Riera and Richard, 1996;
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Bouillon et al., 2000; Darnaude 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 terrigenous POM derived from the Rhone
River (Darnaude et al., 2004). However, the terrestrial material is
rich with cellulose and lignin that are refractory and poorly
digested by most aquatic consumers, thus restricting its contribu-
tion to higher consumers in most estuaries and coastal areas
(Deegan and Garritt, 1997; Cividanes et al., 2002). Moreover, the

annual load of Changjiang discharged POC (4.4 x 10°tyr—1,

Dagg et al., 2004) was only equaled about half of the organic carbon
derived from DIN (ca 6.6 x 1.4 x 10°tyr—'=93 x 10°tyr~!, Gao
and Wang, 2008), based on the Redfield ratio of 106:16 for C:N, thus
implying the higher availability and dominance by inorganic
nutrients derived marine primary production in this system. In
addition, consumers' uptake of terrestrial and marine phytodetritus
is greatly determined by the availability of organic nitrogen content
(Hunter et al., 2013) which acts as a limiting nutrient for organisms.
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Due to the typically poor N contents of terrestrial POM, most
benthic fauna showed preferential incorporation of organic N-
enriched marine production (Mann, 1988; Evrard et al., 2010). The
C:N ratios for the Changjiang riverborne POM ranged between
7.6 and 15.8 (Wu et al., 2007b), which were obviously higher (lower
organic N contents) than the in situ phytoplankton (C:N ratios=4.5
to 6.9; Table 2). Therefore, though the terrestrial POM transported
by the Changjiang was estimated to contribute about 50% of the
total POM in the water column within a distance of 150 km from
the river mouth (Wu et al.,, 2003), the benthic fish inhabiting this
inshore area tended to mostly feed on marine production.

Conversely, marine production is a more nutritious energy
source for estuarine and marine consumers (Antonio et al,
2012). Marine primary production can both closely correlate to
the survival and growth rates of larval fish and energize benthic
juvenile and adult fish through the food web. Primary production
is generally high in the northwestern half of the ECS continental
shelf where the annual primary production can reach 155 g C m~?
(Gong et al., 2003). Therefore, phytoplankton production in the
ECS plays a more important role in sustaining the local benthic
food web than does terrestrial POM when compared with other
relatively oligotrophic seas such as the Gulf of Lions (NW Medi-
terranean Sea), where primary productivity tends to be limited by
P-depletion (Diaz et al., 2001; Darnaud et al., 2004).

In addition to marine phytoplankton, studies in coastal areas
reveal great contributions by benthic primary production to the
benthic food web based on the enriched 8'C of benthos (e.g.
Antonio et al.,, 2012). Nevertheless, the elevated 8'3C values for the
demersal fish and crustaceans at the inshore sites of the ECS were
not likely caused by the ingestion of benthic primary production
because the large sediment load from the Changjiang causes high
turbidity in inshore area, which does not favor the growth of
benthic microalgae on muddy to sandy sea floors. Our measure-
ments of photosynthetically active radiation (PAR, data not shown),
which is one of the critical factors for algal growth, demonstrated
only 10-15 m of euphotic zone (the depth with 0.6% of surface light
irradiation, Chen et al, 1999) in the inner shelf. However, our
inshore sampling sites were generally deeper than 30 m. Nadon and
Himmelman (2006) also observed enriched >C signatures of
benthos in waters far removed from sources of benthic microalgae
implying that some factors other than the uptake of benthic
primary production affect the carbon ratios in benthic consumers,
such as phytoplankton blooms and consumers' selective feeding on
3C_enriched organic matter. Therefore, the benthic consumers in
our inshore survey area may receive little nourishment from
benthic primary producers such as micro- and macroalgae.

4.2. Variation in carbon isotope values of benthic consumers

Even though the in situ marine production constituted a major
proportion of the food source for benthic communities across the
shelf, large variation in 8'3C values still occurred in fish and
crustaceans across the shelf, with 0.9-3.2%. higher at the inshore
sites ( < 150 km from the shore) than offshore sites. This isotopic
trend involving '>C-enrichment for nearshore shelf relative to
offshore slope was widely observed, with the spatial difference
in 8'3C values=0.6-3.3%. for zooplankton (Perry et al., 1999;
Miller et al., 2008) and about 2.2%. for benthic crustacean stomach
content along the shelf-slope transect (Fry, 2011). However,
whether this isotopic trend is associated with adjacent river
discharge or just reflects a normal depth-related productivity
gradient was still doubtful (Fry, 2011). The current study displayed
different extents of the cross-shelf enrichment in fish 8!3C values
between high and low river discharge conditions. During the
Changjiang river flood period (July 2010), the most obvious
cross-shelf trend in fish 8'3C values was observed. At that time,

phytoplankton fixation of carbon was nearly 3-times-higher than
in non-flood seasons (Gong et al., 2011) and the phytoplankton
assemblages were largely dominant by >C-rich diatom blooms
(83C= —20%0 to —15%o; Fry and Wainright, 1911). Contrarily, the
smallest cross-shelf enrichment in fish '3C values was observed
in July 2009 when the Changjiang discharge was low and none of
our sampling sites for demersal fish situated in the Changjiang
diluted water affected area (CDW; salinity < 31, Gong et al., 2011).
Evidently, the current study provided preliminary evidence that
the carbon isotopic trend of fish across the ECS continental shelf
was closely related to the Changjiang discharge.

Both higher trophic levels of fish and more enriched baseline
isotopic signatures of food web in the inner shelf could form the
declining trend of fish 8'3C values in addition to uptake of different
food sources (Vander Zanden and Vadeboncoeur, 2002; Gerdeaux
and Perga, 2006). The trophic levels of fish assemblages estimated by
8'°N values showed little change among sampling sites. Fish species
A. hexanema even had slightly lower trophic levels at inshore sites
(Supplementary Table 1), thus implying that the conventional trophic
enrichment were not the main factor affecting the isotopic variability
of the demersal fish. Instead, it was attributed to the variability in
‘baseline’ carbon isotopic ratios of food webs across the ECS
continental shelf. This variability can be supported by the higher
813C values for inshore phytoplankton and zooplankton.

The 8'3C values of primary producers are well dependent on
the carbon isotope fractionation during photosynthesis (Raven et
al.,, 1994), which is mainly relevant to growth rate, carbon trans-
port pathway, and geometry of phytoplankton cells (Fry and
Wainright, 1911; Fry, 1996; Popp et al., 1998). Plenty of field
studies observed higher 8'C values of primary producers (gen-
erally>3%.) during development of phytoplankton blooms (Fry
and Wainright, 1911; Savoye et al., 2003; Tamelander et al., 2009),
and found strong positive correlations between POM &'3C values
and rates of phytoplankton primary production (Cifuentes et al.,
1988) as well as in situ POC concentration (Savoye et al., 2003).
This is due to the fact that under the condition of high photo-
synthetic rates, ambient DIC would be largely consumed by
massive algae blooms and most DIC entering the algal cells would
soon be used for carboxylation, thus involving very little isotopic
fractionation (Fry, 1996; Popp et al., 1998). On the other hand, as
the phytoplankton grow rapidly, it may adopt active transport of
HCOs; = whereby the carbon isotope fractionation would be quite
small (Fogel and Cifuentes, 1993). Tortell et al. (2000) further
demonstrated nearly unchanged low carbon isotope fractionation
(ca 5%0) and high growth rate across a wide range of DIC
concentrations in seawater. In the current study, those sampling
sites characterized by high 8'3C values for fish muscle (i.e., 01, A1,
B1, and C1) exactly corresponded to the Changjiang plume area
where algal blooms occurred frequently in May and June (Tang et
al,, 2006; Wang and Wu, 2009). Though the exact physiological
mechanism of inorganic carbon transport (active or diffusive)
cannot be inferred from the isotopic ratios of phytoplankton
per se, the observed high 8'3C values for inshore organisms were
very likely reflecting the depressed photosynthetic fractionation
caused by rapid growth of algae.

Additionally, in the period of high primary productivity, the
predominant components of ambient DIC pool tends to shift from
heterotrophic CO, to atmospheric CO, (Woodland et al., 2012),
which are more *C-enriched (83C=—8%. to —7%0) relative to
riverine (Fry and Allen, 2003) and remineralized carbon ( —20%. to
—35%o; Schindler et al., 1997). This seasonal sink of atmospheric
CO, was also frequently observed in the Changjiang freshwater
influenced inner shelf (Chou et al., 2009). Tamelander et al. (2009)
further found a significantly positive correlation between the §'3C
values for DIC (8'3Cp,c) and biological uptake of inorganic carbon
(CO, from the atmosphere included) as the algae blooms, thus
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ascribing the seasonal variation in POC 8'>C values to the influence
of atmospheric CO, intrusion.

As a whole, the biogeochemical properties in the ECS proved
that the higher 8'3C values for inshore phytoplankton against the
backdrop of '>C-depleted offshore phytoplankton was resulted
from the sequential and collective effects of decreased photosyn-
thetic fractionation arising from fast algal growth and depleted
ambient DIC coupled with utilization of *C-enriched atmospheric
CO,, as demonstrated in various aquatic ecosystems (e.g. Schindler
et al., 1997; Gerdeaux and Perga, 2006; Tamelander et al., 2009;
Woodland et al, 2012). The significant positive correlation
between concentrations of chlorophyll a and nutrients versus fish
8'3C (Fig. 7) further revealed the propagation of this isotopic
variability as a bottom-up label across the trophic levels to benthic
consumers. Collectively, the cross-shelf trend in carbon isotope
ratios was correlated to the Changjiang discharge, with a larger
extent of inshore >C-enrichment during the large flow period.

4.3. Variation in nitrogen isotope values of benthic consumers

In terms of nitrogen isotopes, inshore zooplankton and crusta-
ceans exhibited consistently higher variability in 8'°N values than
on the outer shelf. Our observation was supported by the result of
a meta-analysis conducted by Woodland et al. (2012) that demon-
strated more pronounced standard deviation of §'°N values (SDgy)
for the invertebrates inhabiting eutrophic ecosystems than in
oligotrophic habitats. In the inner shelf, multiple nitrogen sources
was conveyed from the Changjiang freshwater, including
5N-depleted agricultural fertilizer and atmospheric deposition
and >N-enriched urban sewage effluent, and animal waste (Li et
al., 2010). Although the nitrate (NO3 ~ ) from riverine inputs tended
to reveal a collective signal for the nitrogen isotope, Liu et al.
(2009) revealed largest variation in 8'°N values in the adjacent
ECS relative to the upper Changjiang Estuary and the turbid
maximum zone. It is because the intense biological assimilation
in the inner shelf can greatly promote nitrogen isotopic fractiona-
tion and further cause a progressive enrichment of N in the
residual nitrate due to the phytoplankton preference for “NOs
rather than »NO; (Fogel and Cifuentes, 1993; Savoye et al., 2003;
Liu et al.,, 2009; Tamelander et al., 2009). In addition, variability in
the forms of N incorporated by algae also leads to large variation in
the 8'N values of primary production due to differential fractio-
nation against >N (Fogel and Cifuentes, 1993, Waser et al., 1998). Li
et al. (2010) found that NO3 ~ assimilation was the major pathway
supporting the bloom (isotopic fractionation=—4%c to —5%o;
Fogel and Cifuentes, 1993) as the ECS phytoplankton community
was dominated by dinoglagellates. However, NH4 assimilation
became prevalent (isotopic fractionation=—10%.; Fogel and
Cifuentes, 1993) when dominant species was succeeded by Pro-
rocentrum donghaiense, which was also the most common bloom-
forming algae off the ECS coast. Accordingly, zooplankton and
other invertebrate with smaller biomass would mirror the con-
temporaneous fluctuations in the isotopic compositions of phyto-
plankton (Woodland et al., 2012). In addition, the nitrogen isotope
ratios are very sensitive to changes in the food web structure. The
significantly negative correlations between fish 8'°N values and
concentrations of nutrients were likely to indicate the simplified
community structures and slightly lower trophic levels of fish
arising from the eutrophication and hypoxia in the ECS inshore
ecosystem (Chang et al., 2012).

In contrast, the sources of DIN in the outer shelf are not as
diverse as those in the inner shelf. Besides, no algal bloom event
was observed in the outer shelf because the ambient concentra-
tion of NO3~ was 1-2 orders of magnitude smaller than in the
inner shelf. Due to the scarcity of N availability, the nitrogen
isotopic fractionation during photosynthetic assimilation was

generally lower and the variation in phytoplankton 8'°N values
was smaller than in eutrophic regions (Fogel and Cifuentes, 1993).

4.4. Biomass-dependent variability in isotopic compositions

In this study, zooplankton, crustaceans, and fish showed
different levels of isotopic enrichment across the ECS continental
shelf. The larger spatial variations in 8'3C values for fish and
crustaceans can be attributed to their longer organism longevity
and lower isotopic turnover rates (Perga and Gerdeaux, 2005). The
fish muscle collected in the summer may mainly reflect the
integrated 8'3C and 8'°N composition of food sources from spring
to summer, which corresponds to their somatic growth period (i.e.,
protein synthesis, Perga and Gerdeaux, 2005). The greater long-
evity of benthic fish and crustaceans allowed them to accumulate
the elevated 8§'3C values induced by algal blooms in the inner shelf
year after year. Therefore, the large spatial variations in 8'3C values
for benthic crustaceans and fish in the summer surveys probably
reflected the repeated ingestion of C source from fast growing
algae (May-June in the ECS, Tang et al., 2006) by the inshore
consumers and the assimilation of general phytoplankton by
the offshore consumers.

5. Conclusion

The Changjiang riverborne nutrients play an important role in
linking the trophic structure of marine benthic ecosystems to
pelagic primary productivity as well as to the terrestrial watershed
by stimulating algal blooms that become major food sources. In
contrast, the riverborne POM exhibited a relatively limited con-
tribution to the sustenance of the inshore benthic communities.
The less utilization of terrestrial organic matter by marine benthic
consumers may reflect both its fewer abundance in the environ-
ment and the nature of low N content. The '>C-enriched isotopic
signatures of primary producers and of subsequent consumers
reflected a lower photosynthetic fractionation during the algal
blooms, an effect that was further enhanced during flood river
flows into the ECS. Moreover, organisms belonging to different
trophic levels showed various magnitudes yet consistent trend of
carbon isotope enrichment, proving the bottom-up labeling of
distinct isotopic signal on the whole food web. The current study
provided a clear insight into the variability in isotopic ratios across
an extensively river-influenced continental shelf system.
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