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Abstract.—The coastal environment of the Changjiang delta has been influenced by recent anthropogenic
activities such as dam construction and increased sewage and fertilizer inputs. Previous work examined
the compositional shift of marine plankton to assess ecological impacts of these activities on marine eco-
systems in the Changjiang discharge area. Herewe used benthicmarine ostracodes collected in the Chang-
jiang estuary and the adjacent East China Sea in the 1980s and the 2010s, respectively, to investigate
temporal changes of the benthic community and controlling factors for the benthic fauna. Our results
revealed more shoreward distribution of some well-known offshore ostracode species in the 2010s com-
pared with the 1980s and a relatively more important role for environmental processes (e.g., bottom-
water temperature, bottom-water salinity, and eutrophic conditions of surface water) than spatial
processes (e.g., the flow of ocean currents) in structuring ostracode compositions. The temporal changes
in the ostracode community are likely attributable to the combined effects of reduced fresh water and
sediment discharge and eutrophic conditions of the Changjiang due to the many dams constructed
along the Changjiang and population expansion in the Changjiang Basin. Results of redundancy analysis
and variation partitioning suggest that ocean currents facilitated environmental filtering of ostracode
species such that they could disperse to preferred environmental conditions. These findings highlight
the potential uses of marine microfossils to better understand ecological impacts on benthic ecosystems
in vulnerable Asian mega-deltas and provide insights into the integration of metacommunity concepts
in disentangling dynamics of marine benthic communities.
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Introduction

Large rivers carry freshwater and land-
derived materials to the ocean (Meybeck and
Vörösmarty 2005) and determine the physical
and biogeochemical characteristics of estuaries
and ocean margins (McKee et al. 2004; Mey-
beck et al. 2006; Bianchi and Allison 2009). Del-
tas are formed when a considerable amount of
sediment is deposited at rates faster than it can
be redistributed by marine processes (Woo-
droffe and Saito 2011). However, many deltas
of the world have been shrinking, mostly
owing to human activities such as groundwater
extraction and dam constructions (Syvitski
et al. 2009). In particular, among large-river
deltas, the Asian mega-deltas are now

considered to be the most vulnerable to
anthropogenic impacts (Saito et al. 2007).
The Changjiang (Yangtze River) delta is

characterized by discharge of the Changjiang,
which is the longest river in China and a
major source of terrestrial sediments in the
East China Sea (ECS) (Bianchi and Allison
2009; Gu et al. 2011). Over the past decades,
anthropogenic activities have altered sediment
flux and water discharge of the Changjiang.
Soil-conservation projects in the Changjiang
Basin reduced sediment flux at Datong (a
downstream water-monitoring station) by ca.
3 Mt/yr (Yang et al. 2015). In addition, both
the number and the scale of dams in the Chang-
jiang Basin increased significantly from the
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1980s to the 2010s, with nearly 200 large dams
in existence in 2015 (Yang et al. 2018), and these
dams have led to coastal erosion in the delta by
reducing sediment deposition levels (Saito et al.
2007; Wang et al. 2011; Yang et al. 2018). The
Three Gorges Dam (TGD), the largest dam in
the world (Nilsson et al. 2005), is located in
the middle reach of the Changjiang (Guo et al.
2012). Since the TGD began operating in 2003,
it has played an influential role in accounting
for decreased mean annual water discharge
and mean sediment flux of the Changjiang
(Yang et al. 2015, 2018). Changes in sediment-
ary processes were reported to result in tempor-
ary shrinking of the relatively high primary
production area and shifting of phytoplankton
species composition in the Changjiang diluted
water zone (Gong et al. 2006). Populations
and fertilizer use in the main provinces and cit-
ies (except Shanghai) in the Changjiang basin
have been increasing (Chai et al. 2009). From
1970 to 2013, dissolved inorganic nitrogen
and dissolved inorganic phosphate fluxes to
the Changjiang estuary increased by 338%
and 574%, respectively (Wang et al. 2015). Eco-
logical impacts of the TGD on terrestrial and/
or aquatic biodiversity were assessed in the
TGD reservoir area, that is, the upper and mid-
dle Changjiang (Wu et al. 2004; Shao et al. 2008;
Duan et al. 2009; Wang et al. 2010). Impacts of
these anthropogenic impacts on the benthic
marine ecosystem in the Changjiang estuary
and its adjacent sea, however, remain poorly
understood.
Ostracoda are a group of tiny bivalved crus-

taceans that distribute ubiquitously in shallow-
marine habitats (Schellenberg 2007). The robust
species-level taxonomy (Yasuhara et al. 2017) in
addition to sensitivity to environmental
changes (Athersuch et al. 1989; Boomer and
Eisenhauer 2002) allows microfossil ostracodes
to be a good model system to assess biogeog-
raphy and environment–assemblage relation-
ships in Asian mega-deltas. Furthermore,
modern ostracodes in Changjiang estuary and
its nearby shelf were investigated in the 1980s
(Wang and Zhao 1985; Zhao 1987; Wang et al.
1988; Zhao and Wang 1988), providing a base-
line to allow comparison of ostracode distribu-
tion before and after increased anthropogenic
activities, including major dam constructions

in the Changjiang. However, understanding
of environment–ostracode association in past
studies was hindered by insufficient environ-
mental data and statistical methods. Here, we
examined (1) similarities of ostracode compos-
ition and species distribution between the
1980s and the 2010s, and (2) the species–envir-
onment relationship of modern ostracode
faunal compositions in the Changjiang estuary
and its nearby marine area.

Material and Methods

Study Area and Ostracode Sampling.—Surface-
grabbed samples (∼100ml) were collected by a
modified Van Veen Grab in 2014 at 26 sites in
Changjiang estuary and its nearby marine
area (Fig. 1). The Changjiang diluted water
(CDW) and the Taiwan Warm Current (TWC)
are primary water sources that determine
physicochemical properties of both surface
and bottom water in this area (Chen et al.
2003). Their temperature and salinity levels
exhibit seasonal variation (Table 1).The CDW
forms when freshwater discharged from the
Changjiang mixes with seawater, forming an
areawith low salinity and high nutrient content
(Gong et al. 2006), which alters environmental
parameters in the Changjiang estuary and its
adjacent coastal waters (Lie et al. 2003; Liu
et al. 2006; Kako et al. 2016). On the other
hand, the TWC is a near-bottom ocean current
that enters the study area along the 50m iso-
bath (Chen et al. 2003). Coastal and northern
study sites are more affected by the CDW,
while those located in the central and southern
parts of the study area are more influenced by
the TWC (Fig. 1). The sedimentation rate in
our study region can reach up to 5 cm/yr (De
Master et al. 1985). A more recent estimation
by Su and Huh (2002) suggests that the sedi-
mentation rate is approximately 1–2 g/cm/yr.
The sediments were washed through a 63 μm

mesh sieve and then oven-dried at 40°C for 1
day. Then, we dry-sieved the residues with a
150 μm mesh sieve to pick ostracod specimens
from >150 μm fractions. Ostracode-rich samples
were divided into fractions containing around
100–200 valves using a sample splitter. For
ostracode-poor samples, all specimens in a sam-
ple were picked. The total number of specimens
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refers to the sum of left and right valves. One
carapace was counted as two valves.

Sources of the Ostracode Data from the 1980s.—
Grab and core-top sediment samples were col-
lected during cruises organized by the Second
Institute of Oceanography, China and Tongji
University. Fifty grams of sediment from each
samplewas washed on 63 μm (or 55 μm) sieves;

FIGURE 1. Maps showing locations of sampling sites of this study, and the regional ocean current flowing pattern. A, The
square indicates the location of our study region in the East China Sea. B, The 26 sampling sites of this study are represented
by black points. Point X (31.3937°N, 121.9485°E) represents the designated river mouth position, which was used as a ref-
erencing location to compare changes in species distribution between the 1980s and the 2010s. C, Directions of Changjiang
diluted water (CDW) and Taiwan Warm Current (TWC) are indicated by arrows, respectively (after Chen et al. 2003).

TABLE 1. Physicochemical properties of the Changjiang
discharge water (CDW) and the Taiwan Warm Current
(TWC). Data are from Chen et al. (2009).

Summer Winter

Temperature,
°C

Salinity,
psu

Temperature,
°C

Salinity,
psu

CDW 27-29 20-31 6-17 <32
TWC 20-23 34-34.5 11-18 33-34.5
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more than 100 ostracode specimens were
picked from each sample; and samples contain-
ing highly abundant ostracode specimens were
split into smaller fractions (Zhao and Wang
1988). Percent (relative) abundance data for
the ostracode species collected in the 1980s at
sampling stations in Wang and Zhao (1985)
and Wang et al. (1988) were obtained from
two sources: (1) 28 sampling sites containing
raw count data collected by Quanhong Zhao,
who investigated ostracodes for Wang and
Zhao (1985) and Wang et al. (1988); and (2) 9
sites for which raw census recording materials
had been lost, so percent abundance informa-
tion for ostracode species listed in Wang and
Zhao (1985) and Wang et al. (1988) was used.
To examine temporal changes in the distribu-

tional pattern of some key species, percent
abundance of these species at different sam-
pling sites was plotted against the distance
between the corresponding site and a desig-
nated river mouth position (point X; 31.3937°
N, 121.9485°E; see Fig. 1). Synonyms of ostra-
code species occurring in both the studies
from the 1980s and this study were identified
mainly based on Hou and Gou (2007).

Source of Environmental Variables.—Bottom-
water salinity was suggested to be the most
important environmental factor governing
ostracode composition in the study region of
the present study (Zhao 1987), while combined
effects of water depth and bottom-water tem-
perature and salinitywere significant at a larger
spatial extent (Zhao andWang 1988). However,
shallow-marine ostracode compositions can
also be significantly related to other variables,
such as surface productivity (Yasuhara et al.
2012b) and grain size of substrates (Frenzel
and Boomer 2005; Irizuki et al. 2006). Most of
these environmental variables are known to
exhibit seasonal variations in the Changjiang
estuary and its adjacent sea (Pei et al. 2009;
Kako et al. 2016). To assess their influences on
ostracode distributions, we included (1) water
depth, (2) mud content (dry weight percentage
of <63 μm size fraction sediment of each sam-
pling location), (3) seasonal bottom-water tem-
perature and salinity data from the 2013 World
Ocean Atlas (WOA) v. 2 (quarter-degree ver-
sion; Locarnini et al. 2013; Zweng et al. 2013),
and (4) monthly ocean surface-productivity

data represented by chlorophyll A readings
from NASA’s OceanColor Web (unit: mg/m3;
grid size: 0.1°; NASA Goddard Space Flight
Center et al. 2014) in the statistical analyses. Fol-
lowing the data format of WOA 2013, the sea-
sonal environmental data were classified into
four periods: January–March, April–June,
July–September, and October–December. Sea-
sonally (instead of annually) averaged data
were used, because both water and sediment
discharges of the Changjiang apparently dem-
onstrate seasonal variation, which is mainly
dependent on the timing of retention and
release of water stored in the TGD reservoir
(Gao et al. 2013).

Statistical Analyses.—Ostracode faunal data
at 26 sampling sites from the present study
and 22 sites from the 1980s studies were com-
bined. Similarities of ostracode composition at
these 48 locations were investigated by cluster
analysis and nonmetric multidimensional scal-
ing (NMDS). Bicornucythere bisanensis forma P
and forma G of Abe (1988) were combined as
Bicornucythere bisanensis sensu lato to match
with the taxonomic identification of the data
from the 1980s. Percent abundance of ostracode
species was first square-root transformed (i.e.,
Hellinger transformed; Legendre and Galla-
gher 2001) before calculation of the Euclidean
dissimilarity matrix. The unweighted pair
group method with arithmetic mean
(UPGMA) was used as a clustering method. A
Kelley-Gardner-Sutcliffe (KGS) penalty func-
tion (Kelley et al. 1996), which maximized the
differences between the groups and the cohe-
siveness within groups, was computed to
determine the optimal number of cluster
groups. NMDS was performed using the
same dissimilarity matrix to visualize the pat-
tern of cluster groups. Ostracod species diver-
sity was calculated as rarefaction ([E(S50)],
estimated number of species when the sample
size was 50) to address sample size artifact.
Twenty-one samples collected in this study

comprisingmore than 100 specimens were con-
sidered in examining environment–species
association. Sixty ostracode species with three
or more specimens in any one sample were
included in the redundancy analysis (RDA)
models. Bicornucythere bisanensis forma P and
forma G of Abe (1988) were considered as
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two species in the RDA. Species composition
data sets were first normalized by log (x + 1)
transformation, then Hellinger transformed
(Legendre and Gallagher 2001) before calcula-
tion of the Euclidian dissimilarity matrices.
Environmental variables were normalized

by log transformation. Their collinearity was
examined by computing variance inflation fac-
tors (VIF). A VIF greater than 10 indicated sig-
nificant collinearity (O’Brien 2007). RDA was
then carried out to identify the relationship
between ostracode composition and environ-
mental variables. Water depth was one of the
factors that showed high VIF and thus was
excluded in the RDA. The adjusted R2 values
for RDA models before and after removing
water depth as an explanatory variable were
similar. Forward selection with two stopping
criteria (Blanchet et al. 2008) was applied to
select significant ( p < 0.05) environmental pre-
dictors in the RDA model (hereafter referred
as Spe-Env RDA) by permutation tests using
9999 randomizations.
Spatial predictors were generated by means

of distance-based Moran’s eigenvector maps
(dbMEM) (Dray et al. 2006), using the largest
distance in the minimum spanning tree con-
necting all sites as the truncation distance. A
set of orthogonal spatial predictors containing
dbMEM eigenvectors was produced. Positive
(negative) eigenvalues of the dbMEM variables
represent positive (negative) spatial processes,
corresponding to broadscale (fine-scale) spatial
patterns (Dray et al. 2012). Only dbMEM vari-
ables with significant Moran’s I values were
considered in further analysis. Geographical
coordinates of sampling units were also
included as spatial predictors, because
dbMEMvariables were insufficient to cover lin-
ear trends of spatial processes (Buschke et al.
2015). Forward selection of the spatial variables
was then conducted. RDA was performed
using species data as the response variables
and spatial variables as the explanatory vari-
ables (hereafter referred as Spe-Spa RDA).
Variation partitioning was finally conducted

on the environmental and spatial variables
described to determine unique and combined
contributions of environmental and spatial pro-
cesses in explaining variation of ostracode com-
position (Borcard et al. 1992; Peres-Neto et al.

2006; Peres-Neto and Legendre 2010). Eventu-
ally, the variationwas partitioned into fractions
based on (1) pure environmental processes, (2)
pure spatial processes, (3) spatially structured
environmental factors, and (4) unexplained
variance. We report the unbiased amount of
explained variation (adjusted R2) by correcting
R2 values, which was suggested to be a better
estimator of the population values, following
the procedures outlined in Peres-Neto et al.
(2006).
All analyses were conducted in R program-

ming language (R Core Team 2017), using the
packages ‘ggmap’ (Kahle and Wickham
2013), ‘ggplot2’ (Wickham 2016), and ‘ggsn’
(Baquero 2017) for mapping; ‘stats’ (R Core
Team 2017) and ‘maptree’ (White andGramacy
2012) for cluster analysis; ‘adespatial’ (Dray
et al. 2017) for dbMEM, ‘packfor’ (Dray et al.
2013) for forward selection; ‘iNEXT’ (Hsieh
et al. 2016) for estimation of rarefied species
richness; and ‘vegan’ (Oksanen et al. 2017) for
cluster analysis, RDA, and variance partition.

Results

The KGS penalty function suggested three
clusters as the optimal number of groups (Sup-
plementary Fig. S1). Generally, the overall
ostracode community displayed three major
groups from the coast to the sea (Fig. 2): estuary
(ES; n = 16), inner shore (IS; n = 23), and off-
shore (OS; n = 9). Ostracode species diversities
were generally similar between the 1980s and
2010s (Fig. 3). Changes of ostracode species dis-
tribution relative to the studies from the 1980s
were characterized by the following patterns
(Figs. 4–6): (1) increased percent abundance in
the inner-shore region: Cytheropteron subuchioi
(Fig. 4A), Neosinocythere elongata (Fig. 4B), and
Nipponocythere bicarinata (Fig. 4C); (2) more
widespread distribution in the whole region:
Pistocythereis bradyformis (Fig. 5C); (3) reduced
percent abundance in the inner-shore region
of the study area: Cytheropteron miurense sensu
lato (Fig. 6A),Munseyella japonica (Fig. 6B), Stig-
matocythere roesmani (Fig. 6C). Taxonomic syno-
nyms of the above-named species identified in
Wang et al. (1988) are listed in Table 2.
Effects of environmental variables on species

composition of 60 ostracode species were tested
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FIGURE 2. Combined analysis of relative abundance of ostracode species. A, Unweighted pair group method with arith-
metic mean clustering results. OS (offshore), IS (inner shore), and ES (estuary) denote ostracode biofacies. B, Map showing
distribution of sampling sites in Wang and Zhao (1985) and Wang et al. (1988). C, Map showing distribution of sampling
sites in this study. Numbers refer to the site described in Supplementary Table S2. D, Nonmetric multidimensional scaling
(NMDS) plot visualizing similarities of ostracode composition at different sites. OS, squares; IS, triangles; ES, circles.
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in RDA. Forward selection of environmental
variables retained four significant factors ( p <
0.05) for further analysis, namely, bottom-water
salinity in January–March and July–September,
bottom-water temperature in July–September,
and surface productivity inOctober–December.
They jointly accounted for 44.3% (adjusted R2;
p = 0.001) of the variation in the species compos-
ition (Table 3). July–September temperature
(adjusted R2 = 0.159; p < 0.001) and salinity
(adjusted R2 = 0.141; p = 0.001) together
represent ∼68% of the explained variance.
Forward selection on the spatial variables

resulted in four significant spatial predictors
(MEM1, MEM 2, MEM 4, and MEM 7; Supple-
mentary Fig. S7). The spatialmodel significantly
accounted for 41.1% (adjusted R2; p = 0.001) of
the variation of ostracode composition (Table 3).
An RDA plot (Fig. 7, Table 4) showed that

Bicornucythere bisanensis (forma P of Abe
1988) was negatively related to July–Septem-
ber bottom-water salinity. Its unique position
in the lower right quadrant indicated a distinct
ecological niche for this species compared
with other species in this study. Cytheropteron
subuchioi, Cytheropteron miurense sensu lato,
Munseyella japonica, Cytherelloidea yingliensis
sensu lato, and Bicornucythere bisanensis
(forma G of Abe 1988) showed a positive

relationship with the July–September salinity.
Albileberis sinensis was more positively asso-
ciated with higher July–September bottom-

FIGURE 3. Comparison of rarefied species richness [E(S50)]
of ostracode community in the Changjiang estuary and the
adjacent East China Sea in the 1980s (gray dashed line) and
the 2010s (black solid line). Sampling sites in the 1980s
(Wang and Zhao 1985; Wang et al. 1988) and the 2010s
(this study) are denoted by dots and triangles, respectively.
The x-axis is the distance from the rivermouth (“X” in Fig. 1;
see “Materials and Methods” section).

FIGURE 4. Comparison of percent (relative) abundance of
ostracode species. A, Cytheropteron subuchioi; B, Neosino-
cythere elongata; and C, Nipponocythere bicarinata, in the
Changjiang estuary and the adjacent East China Sea in
the 1980s (circles) vs. the 2010s (triangles). For sampling
sites containing less than 1% of the corresponding species
in Wang and Zhao (1985) and Wang et al. (1988), percent
abundance of that corresponding species was truncated to
0.1%. Zero abundance is represented by open circles/trian-
gles. The x-axis is the distance from the river mouth (“X” in
Fig. 1; see “Materials and Methods” section).
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water temperature and lower bottom-water
salinity, whereas Nipponocythere bicarinata,
Neosinocythere elongata, and Bicornucythere

FIGURE 5. Comparison of percent (relative) abundance of
three most abundant ostracode species. A, Albileberis sinen-
sis; B,Bicornucythere bisanensis sensu lato; andC, Pistocyther-
eis bradyformis in the Changjiang estuary and the adjacent
East China Sea in the 1980s (circles) vs. the 2010s (triangles).
For sampling sites containing less than 1% of the corre-
sponding species in Wang and Zhao (1985) and Wang
et al. (1988), percent abundance of that corresponding spe-
cies was truncated to 0.1%. Zero abundance is represented
by open circles/triangles. The x-axis is the distance from the
river mouth (“X” in Fig. 1; see “Materials and Methods”
section).

FIGURE 6. Comparison of percent (relative) abundance of
ostracode species. A, Cytheropteron miurense s.l.; B, Mun-
seyella japonica; and C, Stigmatocythere roesmani in the
Changjiang estuary and its adjacent East China Sea in the
1980s (circles) vs. the 2010s (triangles). For sampling sites
containing less than 1% of the corresponding species in
Wang and Zhao (1985) and Wang et al. (1988), percent
abundance of that corresponding species was truncated to
0.1%. Zero abundance is represented by open circles/trian-
gles. Zero abundance is represented by open circles/trian-
gles. The x-axis is the distance from the river mouth (“X”
in Fig. 1; see “Materials and Methods” section).
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bisanensis (formaG ofAbe 1988)were associated
with lower July–September bottom-water tem-
perature. Distributions of Trachyleberis niitsumai
sensu lato, Keijella apta, Hanaiborchella miurensis,
and Cytheromorpha acupunctata were more
dependent on lower January–March bottom-
water salinity.
The whole model of variation partition ana-

lysis accounted for 47.3% of the variation of
ostracode composition (Fig. 8). The largest
explained fraction was attributed to the joint

effect of environmental processes and spatial
processes fraction [b] (adjusted R2 = 0.38). A
significant pure environmental fraction [a]
(adjusted R2 = 0.063; p = 0.001) and an insignifi-
cant pure spatial fraction [c] (adjustedR2 = 0.03;
p = 0.103) were identified (Table 1).

TABLE 2. Taxonomic synonyms for ostracode species in this study and the studies from the 1980s.

Ostracode species in this study Synonymized species in Wang et al. (1988)

Alocopocythere kendengensis Alocopocythere profusa
Bicornucythere bisanensis s.l. (i.e.,
forma P and G of Abe 1988)

Bicornucythere bisanensis

Cytherelloidea yingliensis s.l. Specimens in the current study are morphologically similar to Cytherelloidea
yingliensis (Wang et al. 1988: Plate XXXV, nos. 11,12). Posteroventral ridge of
the former is straight, while that of the latter is curved.

Cytheropteron donghaiensis Kobayashiina donghaiensis
Cytheropteron miurense s.l. Specimens in the current study are morphologically similar to Cytheropteron

miurense (Wang et al. 1988; Plate LII, nos. 10,11). The former lacks a
posterodorsal node.

Keijella apta Cathetocytheretta apta
Leptocythere ventriclivosa s.l. Specimens in the current study are morphologically similar to Leptocythere

ventriclivosa (Wang et al. 1988: Plate XXXVIII, nos. 13,14). Valves of the
former are ornamented, while those of the latter are smooth.

Neomonoceratina dongtaiensis Neomonoceratina crispata
Neosinocythere elongata Sinocythere? reticulata
Pistocythereis bradyformis Echinocythereis? bradyformis
Sinocytheridea impressa Sinocytheridea latiovata
Stigmatocythere roesmani Stigmatocythere spinosa
Trachyleberis niitsumai s.l. Acanthocythereis niitsumai
Trachyleberis scabrocuneata s.l. Trachyleberis scabrocuneata

TABLE 3. Results of the redundancy analysis (RDA)
variation partitioning of ostracode community. Spe-Env
RDA, environmental predictors in the redundancy analysis
model;Spe-Spa RDA, spatial predictors in the redundancy
analysis model; MEM, Moran’s eigenvector maps; fraction
[a] represents pure environmental processes; fraction [c]
represents pure spatial processes; fraction [b] represents the
shared effect of the two processes; an asterisk (*) indicates
significance of the shared fraction is not testable.

Adjusted
R2, % p Selected variables

Spe-Env 44.3 0.001 July – Sept temperature, July –
Sept salinity, Jan –Mar
salinity, and Oct –Dec
surface productivity

Spe-Spa 41.1 0.001 MEM 1, MEM 2, MEM 4, and
MEM 7

[a] 6.3 0.001
[c] 3.0 0.103
[b]* 38.0

TABLE 4. Ostracode species and their codes used in
redundancy analysis models.

Species Code

Albileberis sinensis AS
Alocopocythere kendengensis AlK
Bicornucythere bisanensis (forma G of Abe 1988) BG
Bicornucythere bisanensis (forma P of Abe 1988) BP
Keijella apta CP
Cytherelloidea yingliensis s.l. CY
Cytheromorpha acupunctata CyA
Cytheropteron donghaiense CD
Cytheropteron miurense s.l. CMi
Cytheropteron subuchioi CSu
Leptocythere ventriclivosa s.l. LV
Loxoconcha ocellata LO
Munseyella japonica MJ
Munseyella pupilla MP
Neomonoceratina dongtaiensis NDo
Neosinocythere elongata NE
Nipponocythere bicarinata NB
Hanaiborchella miurensis PM
Pistocythereis bradyformis PB
Sinocytheridea impressa SI
Stigmatocythere roesmani SR
Tanella opima TO
Trachyleberis niitsumai s.l. TN
Trachyleberis scabrocuneata s.l. TslS
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Discussion

Comparing Similarities of Ostracode
Compositions in the 1980s and the 2010s.—The
high sedimentation rate in the study area
suggests that ostracode valves collected in this
study likely represent the fauna of the 2010s
and considerable mixing with older (e.g.,
1980s) ostracode valves is unlikely. Moreover,
dominant species in our study such as
Pistocythereis bradyformis, Bicornucythere
bisanensis, Nipponocythere bicarinata, and
Sinocytheridea impressawere abundantly found
in muddy sediments (Fujiwara et al. 2000;
Irizuki et al. 2006; Hong et al. 2019). High
abundance of these species in our samples
indicates a low-energy environment and
autochthonous fauna at the sites studied.
Clustering results and the NMDS ordination
broadly divide ostracode communities into
three major groups corresponding to their
distances from the coast (Fig. 2). For example,
the ES biofacies is comprised of the ostracode
assemblage of inner Hanzhou Bay from the
1980s (Fig. 2B) and the coastal assemblage
from the 2010s (Fig. 2C). These two
assemblages share the same dominant species
(i.e., Albileberis sinensis; Fig. 5A). The IS
biofacies appears to be found along 123°E in
both the 1980s and the 2010s. This is likely due
to the dominance of Bicornucythere bisanensis
(Fig. 5B) and Pistocythereis bradyformis (Fig. 5C)
over the past decades. On the other hand, the
OS biofacies, which is dominated by
Cytheropteron miurense sensu lato (Fig. 6A),
Stigmatocythere roesmani (Fig. 6B), and
Munseyella japonica (Fig. 6C) does not have a
counterpart in the 2010s.

Impacts of Dams and Anthropogenic Inputs on
Ostracode Distribution over the Past 30 Years.—
Ostracode species such as Cytheropteron subu-
chioi (Fig. 4A), Neosinocythere elongata (Fig. 4B),
and Nipponocythere bicarinata (Fig. 4C) that are
known to inhabit relatively offshore, oceanic
areas in the China seas and Japanese bays
(Zhao and Wang 1988; Yasuhara et al. 2005;
Yasuhara and Seto 2006; Chunlian et al. 2013)
show more landward distribution in the 2010s.
The RDA results indicate that these species are
more related to saline summer bottom water
(Fig. 7). Given that more shoreward intrusion

of saline water into the inner-shore area of the
Changjiang discharge area has been reported
as a consequence of lower summer water dis-
charge of the Changjiang after construction of
the TGD (Gong et al. 2006; Jiao et al. 2007;
Chen et al. 2009; Tsai et al. 2010), the distribu-
tional changes of these species likely represent
a response to this dam-induced reduction of
river water discharge.
Relative abundance of species such as Albile-

beris sinensis (Fig. 5A), Bicornucythere bisanensis
(Fig. 5B), and Pistocythereis bradyformis (Fig. 5C)
also increased in the Changjiang discharge
area from the 1980s to the 2010s. However, the
RDA plot indicates that the driving factors for
the distributional changes of these species
could be complicated. For example, occurrences
ofAlbileberis sinensis andCytheromorpha acupunc-
tata are more related to warmer July–September
water temperature and higher October–Decem-
ber surface productivity, respectively (Fig. 7),
suggesting the potential contribution of hydro-
logical parameters in various seasons. Apart
from this, the higher percent abundance ofBicor-
nucythere bisanensis, which is a well-known
eutrophication-resistant species (Yasuhara et al.
2007, 2012a; Irizuki et al. 2011) showing strong
positive correlation with total organic carbon
content in Kasado Bay, Japan (Irizuki et al.
2015), may be attributed to increased organic
matter as a result of escalated fertilizer use and
sewage discharge in the Changjiang Basin
since the 1990s (Chai et al. 2009).

Controlling Factors of Ostracode Species Compo-
sitions.—Among the environmental factors
included in this study (measured during 2005
to 2012), bottom-water temperature and salin-
ity in July–September most significantly
explain variation of ostracode composition.
Shallow-marine ostracode faunal characteris-
tics and distributions have been related to bot-
tom temperature and/or salinity (Bodergat
and Ikeya 1988; Ozawa et al. 2004; Yasuhara
et al. 2012b), in particular, some species may
respond to seasonal variation of environmental
variables (Brouwers et al. 2000). The greater
importance of environmental variables in
July–September may be related to ostracode
species tolerance limits with respect to the
summer environment, that is, maximum
temperature and/or minimum salinity, which
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can potentially be regulated by variability of
the TWC strength (a branch of Kuroshio
Current), climate variables (e.g., monsoon
precipitation), and water discharge patterns of
the Changjiang.
A large proportion of the variation in ostra-

code composition is explained by the fraction

of spatially structured environmental variables
(fraction [b]; Fig. 8). This fraction could either
be attributed to spatially structured environ-
mental variables (i.e., bottom-water tempera-
ture and salinity) or to spatial variation of
some unobserved environmental factors that
affected both the ostracode community struc-
ture and the explanatory variables in the ana-
lysis (Legendre and Legendre 2012). Adjusted
R2 values of the purely environmental compo-
nent [a] and purely spatial component [c] are
relatively low, yet they are consistent with the
results of De Bie et al. (2012), who reported
the explained variation by other passively dis-
persed aquatic organisms driven by [a] and [c].
Dispersal is an important mechanism in

community structure assembly. A limited dis-
persal rate prohibits species reaching their pre-
ferred habitats, while a high dispersal rate leads
to overdispersal such that species occur in
unfavorable environments (Heino et al. 2015).
Both of these scenarios can result in significant
spatial signals. On the other hand, a significant
environmental signal (i.e., species-sorting

FIGURE 7. Environmental predictors in the redundancy analysis model (Spe-Env RDA) biplots for ostracode compositions.
Significant environmental variables are shown. Projecting species objects at right angles on an environmental variable
approximates their positions along that variable. Cosine of an angle between response and explanatory variables represents
their correlation. janmarSal, bottom-water salinity in January–March period; julyseptSal, bottom-water salinity in July–
September; julyseptTemp, bottom-water temperature in July–September; octdecSurfprod, surface productivity in Octo-
ber–December. For species abbreviations, see Table 2.

FIGURE 8. Venn diagram showing results of variation par-
titioning: [a] is pure environmental fractions, [b] is joint
fractions shared by environmental and spatial processes,
and [c] is pure spatial fractions. Adjusted R2 values are
reported.
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mechanism) indicates that species get sorted to
their favorable habitats (Leibold et al. 2004).
The variation partitioning results show that
environmental processes are significant but
spatial processes are insignificant, suggesting
that ostracode species composition is struc-
tured by species sorting coupled with a moder-
ate dispersal rate (Ng et al. 2009).
Shallow-marine ostracodes are generally poor
dispersers that migrate by either “walking” or
being carried by vectors such as ocean currents,
ballast water, and flowing weed (Teeter 1973;
Titterton and Whatley 1988). Passive migration
due to fast-flowing (∼26–34 cm/s) bottom-
water current has been proposed as a control-
ling factor in recent distribution of warm,
shallow-marine ostracode species in Japan
(Tanaka 2008). The subsurface TWC, which
can reach a maximum flow rate of ∼30 cm/s
(Zhu et al. 2004) may, therefore, potentially
aid dispersal of ostracode species to favorable
environments, while the rapid generation of
shallow-marine ostracodes (Smith and Horne
2012) promotes their colonization.

Conclusions

Our results describe biotic responses to rapid
environmental changes in the Changjiang
delta. While ostracode species richness in the
studyareadoesnot showsystematic change rela-
tive to that of the 1980s, changes in relative abun-
dance of key species showed characteristic
patterns. These possibly resulted fromanthropo-
genic activities such as urban development (i.e.,
eutrophication) and construction of dams (i.e.,
reduction of river water discharge). We have
also demonstrated that environmental processes
are more important than spatial processes for
ostracode community structure in Changjiang
estuary and its adjacent area. Integrating spatial
variables generated by methods such as
dbMEM into analysis not only improves our
understanding of the mechanisms leading to
the observed species distribution pattern, but
also provokes consideration of context-
dependent false-positive species–environment
correlations represented by the explained vari-
ation of spatially structured environmental vari-
ables. Although this approach was recently

applied on freshwater ostracode analyses
(Escrivà et al. 2015; Zhai et al. 2015; Castillo-
Escrivà et al. 2016), it has been underappreciated
in marine ostracode studies. This study assesses
ecological impacts of deteriorating Asian mega-
deltas and is especially significant for paleonto-
logical studies that derive past environmental
conditions based on knowledge of modern spe-
cies–environmental relationships.
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