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Abstract
the Changjiang estuary and adjacent continental shelf were analyzed. This revealed spatial variations

To assess the effects of hypoxia, macrobenthic communities along an estuarine gradient of

in the communities and relationships with environmental variables during periods of reduced dissolved
oxygen (DO) concentration in summer. Statistical analyses revealed significant differences in macrobenthic
community composition among the three zones: estuarine zone (EZ), mildly hypoxic zone (MHZ) in the
continental shelf, and normoxic zone (NZ) in the continental shelf (Global R=0.206, P=0.002). Pairwise tests
showed that the macrobenthic community composition of the EZ was significantly different from the MHZ
(pairwise test R=0.305, P=0.001) and the NZ (pairwise test R=0.259, P=0.001). There was no significant
difference in macrobenthic communities between the MHZ and the NZ (pairwise test R=0.062, P=0.114).
The taxa included small and typically opportunistic polychaetes, which made the greatest contribution to
the dissimilarity between the zones. The effects of mild hypoxia on the macrobenthic communities are a
result not only of reduced DO concentration but also of differences in environmental variables such as
temperature, salinity, and nutrient concentrations caused by stratification.
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1 INTRODUCTION

Dissolved oxygen (DO), which is essential for the
metabolism of most marine organisms, has declined
in more than 400 systems, leading to hypoxia and
anoxia (Diaz and Rosenberg, 2008; Zhang et al.,
2010). There are well-known hypoxic areas as the
Gulf of Mexico (Rabalais et al., 2007), the Black Sea
(Oguz et al., 2000), the Baltic Sea (Conley et al.,
2009), and Chesapeake Bay (Kemp et al., 2005), as
well as the Changjiang estuary in China (Li et al.,
2002). Annual summertime hypoxia is the most
common low DO event globally (Diaz and Rosenberg,
1995). The two principal factors that lead to the
development of hypoxia, and that sometimes lead to
anoxia, are water column stratification and
decomposition of organic matter in the bottom water

(Diaz, 2001; Li et al., 2002; Diaz and Rosenberg,
2008; Zhu et al., 2011). Hypoxia can have direct and
indirect effects on the function and survival of
organisms. Benthic organisms are particularly
vulnerable to coastal hypoxia because they live
farthest from the atmospheric oxygen supply and
because coastal sediments tend to be depleted in
oxygen relative to the overlying water column
(Vaquer-Sunyer and Duarte, 2008).

Hypoxia is generally defined as DO concentration
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below 2.00 mg/L (Dauer et al., 1992; Rabalais et al.,
2002). However, a number of behavioral and sublethal
effects are found in benthic organisms at DO
concentrations between 2.86 (2 mL/L) and 2.00 mg/L,
such as reduced growth, physiological stresses, forced
migration, and disruption of life cycles (Tyson and
Pearson, 1991; Rabalais et al., 2002; Vaquer-Sunyer
and Duarte, 2008; Sturdivant et al., 2014). Therefore,
we define normoxia as DO concentrations >2.86 mg/L
and additionally divide hypoxia into two categories of
mild hypoxia (2.86-2.00mg/L) and hypoxia
(£2.00 mg/L).

The Changjiang (Yangtze) River estuary is situated
on the east coast of China and flows into the East
China Sea (ECS). The Changjiang is the largest river
in China and is ranked third in the world in terms of
discharge, stretching for 6 200 km and draining an
area of 1.8x10°km? (Rabouille et al., 2008). Annually,
huge amounts of freshwater (~924x10°m?) and
sediment (~486x10°t) are conveyed into the northwest
corner of the ECS (Rabouille et al., 2008). Like many
other rivers in the world, the Changjiang suffers from
eutrophication (Zhang et al.,, 1999), and dramatic
oxygen depletion in the bottom waters off the estuary
has occurred in recent decades (Li et al., 2002). Low
DO concentration (2.57 mg/L) in the bottom waters
off the Changjiang estuary was first reported in August
1959 (Gu, 1980; Li et al., 2002), and became more
severe in recent decades, with the area of the hypoxic
zone increasing from 1 900 km?in 1959 to 15 400 km?
in 2006 (Zhu et al., 2011).

The extreme oxygen minimum zone (OMZ;
1.00 mg/L) had been observed in August 1999 off the
Changjiang estuary (122°59'E, 30°51'N) (Li et al,,
2002). However, the minimum oxygen concentration
observed in this study was 2.02 mg/L (>2.00 mg/L),
which we defined as mild hypoxia. In the present
study, we analyzed environmental parameters and
macrobenthos in the Changjiang estuary and the
adjacent continental shelf. The objectives of our study
were: (1) to identify the spatial patterns of the
macrobenthic communities among the three zones:
the estuarine zone (EZ), the mildly hypoxic zone
(MHZ), and the normoxic zone (NZ) in the continental
shelf; (2) to assess the relationship of macrobenthic
communities with the physical and chemical
parameters of DO concentration, temperature, salinity,
and nutrients; and (3) to determine if mild hypoxia
has significant impacts on marine benthic
communities. This study improves our understanding
of the levels of hypoxia that cause different impacts
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Fig.1 Location of the sampling stations in the Changjiang
estuary and adjacent continental shelf

Solid triangle: mildly hypoxic zone stations in continental shelf
(MHZ); hollow triangle: normoxic zone stations in continental shelf
(NZ); dot: estuarine zone stations (EZ).

on marine benthic communities and provides
information that will effectively allow the conservation
coastal biodiversity as hypoxia continues to rise as a
threat to coastal ecosystems.

2 MATERTAL AND METHOD

2.1 Sampling

Thirty-nine stations distributed along the estuarine
gradient of the Changjiang estuary and adjacent
continental shelf were sampled for macrobenthos and
associated bottom-water characteristics in August
2006 (Fig.1). These stations were then divided into
three study zones according to the distribution and
oxygen concentrations of each station: the estuarine
zone (EZ; 11 stations), the mildly hypoxic zone in the
continental shelf (MHZ; 16 stations), and the
normoxic zone in the continental shelf (NZ; 12
stations).

2.1.1 Macrobenthos

Three replicates were taken at each station using a
van Veen grab sampler (0.1 m?) and grab contents
were sieved using a 500-pm mesh and preserved with
5% buffered formalin. Macrofauna were sorted and
identified to the lowest practical taxonomic level,
counted, and weighed. Major taxa, including
Polychaeta, Mollusca, Crustacea, Echinodermata,
and a group of miscellaneous phyla, hereafter called
“others” (e.g., Chordata, Coelentera, Nemertea, and
Sipuncula) were found.
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Table 1 Mean and 95% confidence intervals of physical and chemical parameters recorded in summer in the three zones in

the Changjiang estuary and adjacent continental shelf

Parameters MHZ NZ Ez
T (°C) 20.2 (19.8-20.5) 23.3(21.5-25.1)° 29.4(29.3-29.5)*
S 33.8(33.2-34.4)* 25.4(19.6-31.1)° 0.4 (-0.2-1.0)°
DO (mg/L) 2.45(2.31-2.58)" 4.83 (3.91-5.75)* 6.53 (6.08-6.99)*
NO;+NO, (mg N/L) 15.311 (14.667-15.956)"° 29.618 (17.027-42.208)"° 103.581 (98.273-108.889)*
NH, (mg N/L) 0.538 (0.349-0.726)"° 0.876 (0.554-1.198)"° 6.753 (3.421-10.084)*

PO, (mg P/L) 0.881 (0.786-0.976)"

0.901 (0.744-1.058)" 1.695 (1.572-1.819)

Different superscript letters indicate significant differences among zones using a Kruskal-Wallis test followed by stepwise step-down comparisons. MHZ:

mildly hypoxic zone; NZ: normoxic zone; EZ: estuarine zone; 7: temperature; S: salinity; DO: dissolved oxygen; NO;: nitrate; NO,: nitrite; NH,: ammonium;

PO,: soluble reactive phosphate.

2.1.2 Environmental variables

For each station, we also recorded or calculated the
following abiotic environmental variables of the
bottom water column: temperature, salinity, dissolved
oxygen (DO), nitrate (NO;), nitrite (NO,), ammonium
(NH,), and soluble reactive phosphate (PO,).
Temperature and salinity were recorded using a
conductivity/temperature/depth profiler (6 Hz XR-
620 CTD, Richard Brancker Research Ltd., Canada).
Bottom seawater (1 m above the seafloor) was
collected in a 5-L Nisken bottle at each station. First,
DO was extracted and measured using the Winkler
method (Knap et al., 1996). The dissolved nutrients
(NOs;, NO,, NH,, and PO,) were then filtered through
a40-pum nylon pre-filter and then by pressure filtration
onto 25mm Whatman GF/F glass-fiber filters
(precombusted for 4 h at 400°C). The filtrate was
analyzed by segmented flow analysis (SFA) (Hansen
and Koroleff, 1983).

2.2 Statistical analyses

Statistical differences among zones were tested by a
nonparametric ANOVA (Kruskal-Wallis test, KW)
followed by stepwise step-down comparisons for
physical and chemical measures (temperature, salinity,
DO, NO;+NO,, NH,, and PO,) and macrobenthic
measures (species richness (number of taxa, S),
density, biomass, and Shannon diversity index (H")).

The density (individuals/m?) of taxa was
transformed with the fourth root, prior to performing
cluster analysis and non-metric multidimensional
scaling (nMDS) using the Bray-Curtis similarity index
(Bray and Curtis, 1957). A one-way crossed analysis
of similarity (ANOSIM) procedure using the sampling
zone as a factor was used to determine differences in
the macrobenthic communities. Data were fourth-root
transformed to reduce the influence of numerically

dominanttaxa. The SIMPER (“similarity percentages”;
Clarke, 1993) routine was used to identify the taxa that
made the greatest contribution to differences among
the macrobenthic communities.

Relationships of the macrobenthic communities
with environmental variables in the Changjiang
estuary and adjacent continental shelf were analyzed
using canonical correlation analysis (CCA) (ter Braak
and Smilauer, 1998). Data were loglO(x+1)
transformed before CCA analysis. Monte Carlo
permutation tests were used to test the significance of
the ordination axes.

All statistical analyses were performed by using
STATISTICA 6 (StatSoft, Inc., Tulsa, Oklahoma,
USA), PRIMER 6 (PRIMER-E Ltd., Plymouth, UK),
and CANOCO 4.5 (Microcomputer Power, Ithaca,
NY, USA) software.

3 RESULT
3.1 Environmental parameters

Table 1 shows physical and chemical variables of
the bottom water column in the Changjiang estuary
and adjacent continental shelf. The DO concentrations
of the MHZ were significantly lower than the NZ and
the EZ (Table 1; KW, P<0.01). No hypoxic conditions
(DO<2.00 mg/L) were observed in this study, but
mild hypoxia (2.86-2.00 mg/L) was found at 57% (16
of 28) of the sites in the continental shelf zone. The
average temperature of the MHZ was 20.2°C, which
was lower than that in the NZ and the EZ (KW,
P<0.01). Average salinity of the EZ was only 0.4
lower than the MHZ and the NZ (KW, P<0.01).
However, the concentrations of NO;+NO,, NH,, and
PO, of the EZ were significantly higher than the MHZ
and the NZ. Results of stepwise comparisons showed
that there was no significant difference in nutrients
between the MHZ and the NZ (Table 1).
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Fig.2 Mean and standard deviation of species richness (), density, biomass, and Shannon diversity index (H') of the
macrobenthic community in the three zones of the Changjiang estuary and adjacent continental shelf

MHZ: mildly hypoxic zone; NZ: normoxic zone; EZ: estuarine zone.

Table 2 Results of one-way ANOSIM tests of differences in
macrobenthic community composition based on
density data among the three zones

Global test R Pairwise test R P
Among sampling zones 0.206 0.002
MHZ vs. NZ 0.062 0.114
MHZ vs. EZ 0.305 0.001
NZ vs. EZ 0.259 0.001

3.2 Macrobenthic communities

Figure 2 plots the spatial variations of S, density,
biomass, and Shannon diversity index among the
MHZ, NZ, and EZ. These biological parameters were
significantly higher in the MHZ and NZ than in the
EZ. However, there was no significant difference in
the parameters between the MHZ and the NZ (KW,
P>0.05, Fig.2).

MDS analysis revealed that the samples in EZ were
distinct from those in the MHZ and NZ, while samples
from the MHZ and NZ were scattered in the MDS plot,
with high similarity in macrobenthic community
composition (Fig.3). Results of one-way ANOSIM
revealed significant differences in macrobenthic
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Fig.3 Non-metric MDS plots of the benthic community
structure at three zones in August 2006 at the
Changjiang estuary and adjacent continental shelf

Solid triangle: mildly hypoxic zone stations; hollow triangle:
normoxic zone stations; dot: estuarine zone stations.

community composition among the three zones (Global
R=0.206, P=0.002). The pairwise tests showed that the
macrobenthic community composition of the EZ was
significantly different from the MHZ (pairwise test
R=0.305, P=0.001) and the NZ (pairwise test R=0.259,
P=0.001). There was no significant difference in
macrobenthic communities between the MHZ and the
NZ (pairwise test R=0.062, P=0.114) (Table 2).
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Table 3 SIMPER analyses

MHZ vs. NZ MHZ vs. EZ
C. Taxon

Diss.=94.72% Diss.=99.03% Diss.=98.57%
P Maldane sp. 26.25 54.17 26.25 0.45 54.17 0.45
P Capitella capitata 17.50 2.08 17.50 0.91 2.08 091
P Heterospio sinica 13.75 0.83 13.75 0.00 - -
P Sternaspis scutata 6.25 7.08 6.25 0.00 7.08 0.00
B Nucula sp. 4.06 0.00 4.06 0.00 - -
C Hemigrapsus longitarsis 0.00 333 - - 3.33 0.91
P Lumbrineris shiinoi 5.94 0.83 - - - -
P Ampharete acutifrons 4.06 1.67 - - - -
C Ogyrides orientalis 0.31 2.50 - - 2.50 0.00
P Laonice cirrata 2.50 3.75 - - - -
P Aglaophamus dibranchis - - 0.63 6.36 0.00 6.36
G Nassarius siquijorensis - - 0.94 0.00 - -
B Barnea sp. - - - - 1.25 0.00
G Nassarius variciferus - - - - 1.25 0.00

Average abundance of species that contribute to dissimilarity (cut-off=50%) between macrobenthos samples of the three zones. MHZ: mildly hypoxic
zone; NZ: normoxic zone; EZ: estuarine zone. Diss. (%)=average dissimilarity between groups. Class (C.): P=polychaetes, C=crustaceans, B=bivalves,

G=gastropods.

Table 4 Summary of statistical measures of macrobenthic
communities and environmental variables for the
canonical correlation analysis

Environmental variables Axis 1 Axis 2
T 0.83 -0.17
N -0.85 -0.14
DO 0.75 -0.17
NO;+NO, 0.86 0.13
NH, 0.57 0.23
PO, 0.60 0.17
Eigenvalues 0.581 0.342
Species-environment correlations 0.902 0.782
Cumulative percentage variance of species data 5.7 9.1

Cumulative percentage variance of

. . . 335 533
species-environment relation

For abbreviations for environmental variables, see Fig.4.

The species making the greatest contribution to
dissimilarity among the MHZ, NZ, and EZ were
identified by means of a SIMPER analysis (Table 3).
The community observed in the MHZ was markedly
distinguished from the community in the NZ, mainly
because of a lower abundance of Maldane sp. and
higher abundances of Capitella capitata, Heterospio
sinica, and Sternaspis scutata. The community
observed in the MHZ was markedly distinguished
from the EZ, mainly because of the higher abundance

of Maldane sp. and Capitella capitata, and presence
of Heterospio sinica, Sternaspis scutata, and Nucula
sp. The community observed in the NZ was markedly
distinguished from the community in the EZ, mainly
due to the higher abundance of Maldane sp. and
Capitella capitata, the presence of Sternaspis scutata,
and the absence of Aglaophamus dibranchis. Taxa
that included small, typically opportunistic
polychaetes such as Maldane sp. and Capitella
capitata contributed the most to the dissimilarity
between the different zones (Table 3).

3.3 Species-environment interactions

CCA analysis indicated that the environmental
variables significantly explained the macrobenthic
community in the first canonical axis (Monte Carlo
test: F=1.940, P=0.036), but did not significantly
explain all of the canonical axes (Monte Carlo test:
F=1.096, P=0.226). All four canonical axes together
explained 86.9% of the variability, with the first and
second axes contributing 33.5% and 19.8%,
respectively (Table 4). The first ordination axis
reflected a gradient largely related to temperature,
DO, and NO;+NO, (in that order of importance) at the
positive end of the axis and salinity at the negative
end (Fig.4). A clear discrimination between taxa
characteristic of the typically estuarine zone (related
to high nutrients, high temperature, high DO
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concentration, and low salinity [e.g., Aglaophamus
dibranchis]) and taxa characteristic of the continental
shelf zone (related to low nutrients, low temperature,
low DO concentration, and high salinity [e.g.,
Maldane sp., Capitella capitata, Heterospio sinica,
Sternaspis scutata, and Nucula sp.]) was observed in
the ordination biplot (Fig.4). With respect to DO,
Ampharete acutifrons, Heterospio sinica, Laonice
cirrata, and Lumbrineris shiinoi preferred lower DO
concentrations. However, these species were arranged
towards the center of the plot and comprised none of
the species preferring extremely low DO
concentrations (Fig.4).

4 DISCUSSION

The mechanism of oxygen depletion off the
Changjiang estuary has been receiving more and
more attention from both scientists and managers (Li
et al., 2002; Rabouille et al., 2008; Wei et al., 2015).
The development of summer hypoxia in this location
is related not only to stratification and input of
suspended particulate matter, but also to the inflow of
Taiwan Warm Current water and the bottom
topography (Wang, 2009). Generally, severe hypoxia
takes place in August, but after September much of
the hypoxia has disappeared (Zhu et al., 2011). Inter-
annual variation of the hypoxic area and extent off the
Changjiang estuary has been unstable and irregular
(Rabouille et al., 2008; Zhu et al., 2011). The most
extreme DO concentration (1.00 mg/L) was observed
there (122°59'E, 30°51'N) in August 1999 (Li et al.,
2002). However, the minimum DO concentration
(2.02 mg/L) of the bottom water observed in this
study was higher than 2.00 mg/L (the value generally
defined as the upper limit of hypoxia (Dauer et al.,
1992; Rabalais et al., 2002). This provided us with the
opportunity to study the effects of mild hypoxia on
benthic organisms.

The abundance of macrobenthos and the DO in the
hypoxic zone are closely related to the duration of
hypoxia. Nilsson and Rosenberg (2000) found that,
after 10 months of hypoxia in Gullmarsfjord (on the
Swedish west coast), benthic community successional
stages declined from equilibrium to virtually azoic
conditions. Rosenberg et al. (2001) reported that,
because of long-term hypoxia, there were very few
benthic organisms in the sediment of Koljofjord Gulf,
Sweden except for two species of polychaetes
(Pseudopolydora antennata and C. capitata). Dauer et
al. (1992) found that hypoxia can alter macrobenthic
community composition, and also causes lower
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The environmental variables are shown as arrows and taxa are
shown as triangles. For results of the CCA analysis see Table 4. T:
temperature; S: salinity; DO: dissolved oxygen; NOs: nitrate; NO,:
nitrite; NH,: ammonium; PO,: soluble reactive phosphate. Only 14
species are displayed in this figure based on the SIMPER analysis
(Table 3). Maldane: Maldane sp.; Cap cap: Capitella capitata; Het
sin: Heterospio sinica; Ste scu: Sternaspis scutata; Nucula: Nucula
sp.; Hem lon: Hemigrapsus longitarsis; Lum shi: Lumbrineris
shiinoi; Amp acu: Ampharete acutifrons; Ogy ori: Ogyrides
orientalis; Lao cir: Laonice cirrata; Agl dib: Aglaophamus
dibranchis; Nas siq: Nassarius siquijorensis; Barnea: Barnea sp.;
Nas var: Nassarius variciferus.

species diversity, lower biomass, and a decrease in
buried macrobenthos. The density and biomass of
opportunistic species (e.g., euryhaline annelids)
increased, while other later successional species (e.g.,
long-lived bivalves and maldanid polychaetes)
decreased in dominance. The results presented here
show that the macrobenthic communities at mildly
hypoxic stations were not significantly different from
those at normoxic stations in the continental shelf
area. However, SIMPER analysis showed that the
macrobenthic communities at mildly hypoxic stations
were characterized by a higher dominance of
opportunistic species (e.g., C. capitata, H. sinica, and
S. scutata). Nilsson and Rosenberg (2000) posited that
the minimum DO content needed for estuarine
macrobenthos to live was 098 mg/L. The DO
concentration at mildly hypoxic stations in this study
was in the range of 2.02-2.83 mg/L, a level which may
not cause direct physical harm or lead to mortality of
some of benthic organisms. However, different taxa
probably reflect broad differences in adaptations to
tolerate low oxygen conditions. Crustaceans, which
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showed the highest median lethal oxygen concentration
(LCs) and the shortest median lethal time (LTs), were
the most sensitive organisms to hypoxia (Vaquer-
Sunyer and Duarte, 2008). Other benthic organisms
(e.g., polychaetes, bivalves, and priapulids) can
change their behavior or metabolism to avoid effects
from hypoxia, such as leaving their burrows or tubes
to move to the sediment surface or reducing their
burial depth (Nilsson and Rosenberg, 1994).

There are many experimental studies on mortality,
behavior, and metabolic rates of benthic organisms
caused by reduced oxygen concentrations (Gray et al.,
2002). However, effects of hypoxia in the field are
complex. It is, therefore, important to understand how
aquatic organisms are affected by fluctuating low
oxygen concentrations in situ. Furthermore, differences
in the cause of hypoxia can significantly affect
macrobenthos abundance and community structure
(Long and Seitz, 2009). The hypoxia off the Changjiang
estuary is created by organic detritus decay (Wei et al.,
2007). Maintenance of hypoxia results from a large
density stratification caused by the significant salinity
difference between the freshwater discharge plume
and the salt water from the Taiwan Warm Current (Li
et al.,, 2002; Wei et al.,, 2007). The stratification
restricted the vertical supplementation of nutrients
from surface to bottom waters. Results showed that, in
addition to DO concentration, lower temperature and
nutrient concentrations were also found in the bottom
waters of hypoxic areas. We suggest that the occurrence
of hypoxia, accompanied by other environmental
factors, together contribute to benthic faunal changes.
Results of CCA analysis showed that DO concentration,
as well as temperature, salinity, and nutrient
concentrations, were markedly correlated with the
community composition of macrobenthos. Seitz et al.
(2009) reported that density, biomass, and diversity of
macrobenthic community were significantly and
negatively correlated with water depth and positively
correlated with the DO level. Kodama et al. (2012)
demonstrated that the disturbance in the macrofauna
correlated with organic enrichment in the sediment
and bottom-water hypoxia. It is thus clear that the
effects on the macrobenthic communities that are
produced are not caused by a single factor, but are the
interaction of a number of different factors in the
mildly hypoxic area. It is not just reduced DO
concentration that leads to the observed effects, but
also the differences in environmental variables such as
temperature, salinity, and nutrient concentrations,
which are a result of stratification.

5 CONCLUSION

Hypoxia has been a major feature of the Changjiang
estuary and has had negative effects on its ecosystems.
In recent decades, an increase in the area of the
hypoxic zone has been a seasonally recurrent event
off the Changjiang estuary. No hypoxic conditions
(DO<2.00 mg/L) were observed in August 2006, but
mild hypoxia (2.86-2.00 mg/L) was found at 57% (16
of 28) of the sites in the continental shelf zone off the
Changjiang estuary. There were no significant
differences in macrobenthic parameters (species
richness, density, biomass, and Shannon diversity
index) and macrobenthic community composition
between the mildly hypoxic zone (MHZ) and the
normoxic zone (NZ). Taxa that included small,
typically opportunistic polychaetes contributed the
most to the dissimilarity among the different study
zones. Reduced DO concentration is not the only
contributor to the observed effects: differences in
environmental variables such as temperature, salinity,
and nutrient concentrations that result from
stratification are also involved.
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