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Abstract

Both human activities and climate change have influenced benthic macroinvertebrates in the Changjiang Estuary since
the Anthropocene. As a result, we investigated long-term variations in benthic macroinvertebrates and related them to
changes in depth, salinity, temperature, pH and dissolved oxygen in bottom water off the Changjiang Estuary from 10
summer cruises during 2006—-2021. The bi-monthly multivariate ENSO index and summer runoff rate of Changjiang
were used to estimate the climate change during this period. The abundance and biomass of benthic macroinvertebrates
increased significantly from 2006 to 2014 owing to a series of environmental protection measures. An intensive El
Nifio event, coupled with Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO), promoted
diluted water discharge and hypoxia in summer in the Changjiang Estuary since 2015. We noted changes in the
macrobenthic community following these events, including a dramatic decrease in abundance and biomass, alterations
in dominant species and a decline in benthic diversity. Correlation analysis, canonical correspondence and redundancy
analysis revealed that depth, salinity and dissolved oxygen were the main factors influencing the distribution of benthic
macroinvertebrates. Owing to the ubiquitous pressure caused by human activities and climate change in estuaries, we
make an appeal that international cooperation is required to protect estuarine ecosystems under the scenario of global

climate change.
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1. Introduction

Estuaries are the transition regions between continents
and oceans, where the salty ocean mixes with a freshwater
river. Estuaries are subject to marine influences, such as
tides, waves, and the influx of saline water, and to fluvial
influences such as flows of freshwater and sediment (Shou
etal, 2013). A large amount of freshwater discharges into
the ocean provides high levels of nutrients, both in the
water column and sediment, making estuaries one of the
most productive natural habitats in the world (Douglas et
al,, 2022).

© 2025 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

The Changjiang Estuary (CE) is one of the most impor-
tant estuaries in the world, located on the coast of the East
China Sea (ECS) in the western North Pacific. Changjiang
delivers approximately 470 million metric tons of sus-
pended sediments and 924 billion cubic meters of freshwa-
ter, called Changjiang Diluted Water (CDW), into the ECS
annually (Su and Yuan, 2005; Dai and Lu, 2014). Due to
its large size, high river discharge, and relatively high sus-
pended sediment concentration, the CE exerts significant
influence on the ecosystem of the adjacent sea area (Zhu
et al,, 2018). Surrounded by the most intensive human
activity regions in China, the expanding population and
industrial aggregation in the Changjiang Basin have led
to an increase in terrestrial contaminants such as heavy
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metals (Dong et al., 2012), hydrocarbons (Bouloubassi et
al, 2001; Duan et al,, 2015) and microplastics (Xu et al.,
2018) accumulation in the water and sediments of the CE.
In addition, the CE and adjacent ECS were under long-term
intense fishing pressure from the 1990s to the early 2000s,
resulting in a decline in living resources (Teh et al., 2020;
Y. Xu et al.,, 2022). Fortunately, the Chinese government
introduced a series of protective measures and policies,
such as the summer fishing moratorium and developments
in wastewater services infrastructure, to promote sustain-
able marine fishery development and improve the marine
ecological environment in the Changjiang and ECS (L. Xu
etal, 2022; Qi et al, 2022).

El Nifio-Southern Oscillation (ENSO) can provide favor-
able hydrographic conditions for coastal hypoxia (DO <3
mg L™1) off the CE (K. Wang et al,, 2021). Hypoxia often
intensifies during summer, which is associated with the
nutrients brought in by the CDW and the subsequent algal
blooms in this area (Jiang et al., 2014; Wang et al., 2017).
Hypoxia of the CE was first reported in the late 1950s and
has received more attention in the last two decades due
to its extended spatial coverage and ecological risks (Ma
etal,, 2022). Grothe et al. (2020) suggested that EI Nifio
has increased in recent decades. The intensity of change in
El Nifio under increased greenhouse warming is of great
social concern. El Nifio also strongly affects marine life off
the Pacific Coast. Strong El Nifio events during 1982-1983
and 1997-1998 have caused species shift, migration and
mortality of benthic macroinvertebrates in the temperate
oceans (Arntz et al.,, 2006). The CE is also under the influ-
ences of both the Pacific Decadal Oscillation (PDO) and the
Atlantic Multidecadal Oscillation (AMO), which contribute
to decadal variations in precipitation and sea surface tem-
perature (W. Zhang et al.,, 2021). The PDO primarily affects
ventilation conditions in eastern China, while the AMO im-
pacts large-scale atmospheric circulation patterns (Ge et
al,, 2023). Together, these oscillations can alter regional
precipitation regimes and have significant effects on ma-
rine ecosystems (Yu et al.,, 2021).

Benthic macroinvertebrates are small animals without
backbones that inhabit the bottom substrates or sediments
and are critical components of aquatic ecosystems. As key
elements of the food web, they serve as a primary food
source for fish and other organisms of higher trophic levels
(Herman et al., 1999). The abundant benthic macroinver-
tebrates usually provide a high degree of secondary pro-
ductivity and biological diversity. Benthic macroinverte-
brates are sessile or slow-moving, with a relatively long life
span, and some of them are sensitive to variations in their
surroundings (Peng et al., 2014). Thus, they have been
widely used as bioindicators to assess the health status of
aquatic environments (Dauvin, 2007). Previous studies
have shown that benthic macroinvertebrates can indicate
the degree of disturbance to the ecosystem in areas char-
acterized by hypoxia, industrial pollution, or aquaculture
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(Gammal et al., 2017; Ghribi et al., 2019; Liao et al,, 2019;
Pinto et al,, 2021). There are great taxonomic and func-
tional diversities of benthic macroinvertebrates in estuar-
ine ecosystems, which allows the development of metrics
for assessing the ecological status of estuaries.

Scientific research on benthic macroinvertebrates in
the CE began in 1959 (Yan et al.,, 2017). However, only
a few studies have been conducted until the 21 century
(Rhoads et al., 1985; Aller and Aller, 1986). Recently, ben-
thic macroinvertebrates have drawn increasing attention
as environmental bioindicators (Pinto et al,, 2021; Li et al,,
2022). In the past two decades, many benthic macroinver-
tebrate studies have been reported in the CE (Meng et al,,
2007; Chao et al., 2012; Shou et al., 2013; Liao et al., 2017;
Yan et al,, 2017). Previous studies have investigated the
spatial and temporal distributions (Chao et al., 2012; Liao
etal., 2017), as well as the taxonomic and functional diver-
sity (Lv et al,, 2018; Yan et al., 2020) of benthic macroin-
vertebrates. Interactions between these communities and
anthropogenic stressors have also been increasingly ex-
plored (Cheung et al., 2019). However, long-term changes
in benthic macroinvertebrates in the CE remain poorly
documented, and the influence of global climate change
has rarely been discussed. During June, July, and August, -
the summer season in the ECS - significant physicochemi-
cal processes, such as large river discharge (Su and Yuan,
2005), algal blooms (Zhu et al., 2014) and bottom water
hypoxia (K. Wang et al,, 2021), occur in the ECS, which high-
lights the effect of regional and global changes on benthic
macroinvertebrates.

Thus, this study focused on benthic macroinvertebrates
associated with physical-chemical forcing in the CE dur-
ing ten summers (July and August) from 2006 to 2021.
The objective was to explore the long-term changes in ben-
thic macroinvertebrates in the CE, driven by both anthro-
pogenic activities and climate change. We examined the
abundance, biomass, dominant species, taxonomic compo-
sition, community diversity, and associated environmental
factors (summer runoff rate, ENSO index, depth, salinity,
temperature, pH and dissolved oxygen).

2. Material and methods

2.1 Study area

The Changjiang, also known as the Yangtze River, is the
largest river in Asia and the third-longest river in the world.
It discharges approximately 9.24 x 101! m3 of freshwater
into the ECS annually (Milliman et al., 1985; Su and Yuan,
2005). This large freshwater flow causes significant shifts
in various ecological and environmental parameters in the
ECS. CDW flux always peaks in July and is usually lowest in
November (Zhu et al.,, 2018). In summer, the low-salinity
water plume extends northeastward to the Tsushima Strait
due to the significant increase in discharge (Ni et al., 2017).
CDW brings a large amount of freshwater and nutrients
into the ECS (Jiang et al., 2014). Off the estuary, hydrologi-
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Figure 1. Map of the CE and the ECS (A) associated with the summer circulation pattern (after Su and Yuan, 2005) and
sampling sites of the cruises during July 2006 (B), July 2011 (C), July 2013 (D), August 2014 (E) and August 2016-2021
(F). The dashed frame are the sampling regions of all cruises. The Datong Hydrological Gauging Station is marked as a
triangle on the map. CDW: Changjiang Diluted Water; TWC: Taiwan Warm Current; YSCC: Yellow Sea Coastal Current;

ECSCC: ECS Coastal Current.

cal conditions in summer are mainly controlled by the CDW,
Taiwan Warm Current (TWC), Yellow Sea Coastal Current
(YSCQ), and ECS Coastal Current (ECSCC) (Figure 1).

2.2 Cruise data

Benthic macroinvertebrates and associated environmental
factors, including depth, temperature, salinity, dissolved
oxygen (DO), and pH of the bottom water, were surveyed
from 10 cruises during July 2006, July 2011, July 2013,
August 2014, and August 2016-2021. There were 19 sam-
pling sites in 2006, 10 sites in 2011, 8 sites in both 2013
and 2014. From 2016 to 2021, 18 sites were consistently
sampled at the same locations (Figure 1 and Supplemen-
tary Table 1). Although the sites from earlier cruises varied
slightly, they were all located within the core area of the CE.
All cruises were conducted in the summer (July or August)

when the CDW was in its prime.

At each site, two sediment replicates were collected us-
ing a Van Veen grab with a surface area of 0.10 m?. The sed-
iments were washed through a 0.5 mm mesh sieve on the
deck, and all residues retained on the sieve were fixed in a
10% formalin solution and transported to the laboratory
for further analysis. Benthic macroinvertebrate specimens
were sorted from the residues and identified to the highest
taxonomic level (generally species) under a stereomicro-
scope in the laboratory. At each site, the water depth was
determined by the ship echo sounder, after which seawa-
ter samples were collected using Niskin bottles on a CTD
rosette from 2 m above the seafloor. The temperature and
salinity were measured using a multiparameter monitor
on the CTD. The pH of the bottom water was measured
using a pH meter on the deck. DO was measured using the



www.czasopisma.pan.pl P

Decadal change of benthic macroinvertebrates dri

iodometric method.

2.3 Climatic indices and runoff data

The bi-monthly multivariate El Nifio-Southern Oscillation
index (MEI) combines oceanic and atmospheric variables
and facilitates a single index to assess ENSO. The monthly
PDO index is the time series of leading empirical orthog-
onal function of sea surface temperature anomalies over
the North Pacific. The monthly AMO index is defined as
the average anomalies of sea surface temperatures in the
North Atlantic basin. The MEI, PDO and AMO index data
from January 2006 to December 2021 were downloaded
from NOAA (https://www.noaa.gov). Datong Hydrological
Gauging Station is the nearest station in Changjiang to the
CE that is not affected by the ocean. Therefore, we used
measurements at Datong station to indicate runoff of the
Changjiang Basin. The monthly average runoff rate data in
summer (June-August) during 2006-2021 was collected
from Datong Station.

2.4 Data analysis

For each cruise, total abundance and biomass, Shannon-
Wiener diversity (H') Pielou’s evenness (J'), Margalef’s
richness (d), and the taxonomic composition of total abun-
dance and biomass were calculated. The non-parametric
Mann-Kendall test and Sen’s method are widely used to de-
tect monotonic trends in time series data without seasonal
or cyclic patterns (Salmi et al., 2002), and have proven ef-
fective for identifying long-term trends (Xu et al., 2007).
In this study, the Mann-Kendall test was conducted using
the MAKESENS 1.0 application (Salmi et al., 2002) to as-
sess monotonic increasing/decreasing trends in total abun-
dance, total biomass, H’, J’, and d. Sen’s non-parametric
method was used to estimate the true slope of an existing
trend. In addition, Pearson correlation analyses were con-
ducted to determine the relationships between these biotic
indices (abundance, biomass, H', J', and d) and the environ-
mental variables (depth, temperature, salinity, DO and pH)
using SPSS 20.0 (Pak and Oh, 2010). The dominant species
of each cruise were identified based on their species domi-
nance (Y) (Yan et al., 2017). The twenty species with the
highest abundance in all cruises were selected to exam-
ine the relationship between benthic macroinvertebrate
species and environmental variables. A detrended cor-
respondence analysis (DCA) showed that the maximum
gradient length of the axes of species was >3 SD. There-
fore, canonical correspondence analysis (CCA) was used
to assess the correlations between the environmental vari-
ables and species. DCA showed that the maximum gra-
dient length of the axes of abundances of macrobenthic
phyla was <3 SD. Therefore, redundancy analysis (RDA)
was chosen to examine the relationship between the mac-
robenthic phyla and environmental variables (Yan et al.,
2017). Monte Carlo permutations were used to test the sig-
nificance of the ordination axes in both CCA and RDA. The
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DCA, CCA and RDA analysis were performed with Canoco
5.0.

3. Results

3.1 Climate change and runoff rate

The MEI provides real-time indications of the ENSO inten-
sity. A higher MEI indicated a more intensive El Nifio event.
According to the MEI data from January 2006 to Decem-
ber 2021, a strong El Nifio event occurred from October
2014 to June 2016, with the MEI ranging from 0.10 to 2.20
during this period. Another weak El Nifio was observed
from August 2018 to March 2020, during which the MEI
ranged from 0.10 to 0.80. Positive values of the PDO in-
dex, ranging from 0.07 to 1.86, were recorded from July
2014 to July 2016, and ranged from 0.09 to 0.52 in 2019.
Concurrently, negative values of the AMO index, ranging
from —0.15 to —0.02, were observed, indicating periods
characterized by warm PDO phases coupled with cold AMO
phases (Figure 2).

The runoffrate of Changjiang in summer (June-August)
increased from 2014 to 2016 under the influence of El Nifio
and then decreased from 2016 to 2018. During another
El Nifio event, the runoff rate increased again from 2018
to 2020 and reached a maximum of 71.70 X 103 m3 s~ in
July 2020 (Figure 3).

3.2 Environmental factors

Water depth at all sampling sites in the CE from 2006 to
2021 ranged from 6.13 m to 66.20 m, with an average depth
of 32.17 m. Bottom-water temperature decreased from
23.00°Cin 2006 to 17.15°Cin 2011, increased to 24.87°C
in 2018, and declinedagain in 2020. Salinity steadily in-
creased from 29.75 in 2006 to a peak of 33.51 in 2013,
followed by a decline to a minimum of 29.26 in 2016. pH
value dropped to minima in 2016 (7.83) and 2020 (7.79),
remaining relatively stable during other years. DO reached
a minimum of 2.70 mg L™! in 2016, rose to 4.47 mg L™!
in 2018, and then declined again to 3.11 mg L™1 in 2020
(Figure 4).

3.3 Community structure

3.3.1 Abundance and biomass

The abundance and biomass of benthic macroinvertebrates
in CE showed the same trend (Figure 5). They increased
significantly (p < 0.05) from 80 ind. m~2 and 11.16 g m™2
in 2006 to 1081 ind. m~2 and 30.38 g m~2 2014 and then
decreased significantly (p <0.05) from 2014 to 218
ind. m~2 and 4.85 g m™2 in 2021 (Supplementary Table 2).

3.3.2 Taxonomic composition

A total of 395 species belonging to nine phyla, including
167 Annelida, 93 Mollusca, 91 Crustacea, 18 Echinoder-
mata, 11 Cnidaria, 5 Nemertea, 1 Platyelmia, 8 Sipuncula
and 1 Echiura were collected during 2006-2021 (Supple-
mentary Table 4). Annelida species were the main contrib-
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Figure 2. Time series of the bi-monthly Multivariate El Nifio/Southern Oscillation (ENSO) index (MELv2) (A), monthly
Pacific Decadal Oscillation (PDO) index (B), and Atlantic Multidecadal Oscillation (AMO) index (C) from January 2016 to
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Figure 3. Monthly average runoff rate of the Changjiang
during summer months (June, July and August) recorded
at the Datong Hydrological Gauging Station.

utors to the total abundance and accounted for more than
50% over eight cruises (Figure 6). The relative abundance
of Annelida increased from 45.54% in 2013 to 85.44%
in 2018. In 2019, Annelida decreased to less than 40%,
whereas Arthropoda increased to more than 45%. How-
ever, Annelida increased again from 32.95% in 2019 to
72.03% in 2021. The proportion of Annelida in the to-
tal biomass decreased from 84.84% in 2011 to 20.55%
in 2018; meanwhile, Mollusca increased from 4.79% in
2011 to 62.60% in 2017. Annelida, in the proportion of
total biomass, reached minima in 2014 (25.04%) and 2018
(20.55%).

3.3.3 Dominant species

Dominant species (Y > 0.02) identified in all ten cruises
belonged to: Annelida, Arthropoda, Echinodermata, and
Sipuncula based on the species dominance Y (11, 4, 1, and
1, respectively). A dominant Annelida species occurred at
least once, in each cruise except in 2019. Photis longicau-
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Figure 4. Changes in bottom water temperature (A), salinity (B), pH (C), and DO (D) in the CE during summer.

data was the only dominant species found in 2019. Hetero-
mastus filiformis was dominant during the six cruises. Re-

t0 10.96 in 2021 (Supplementary Table 3); however, the
cently, more Annelida species have become dominant. Six  average d during 2017-2021 was still much lower than in
dominant species that were dominant during 2006-2014, 2006-2017.
including three Annelida (Praxillella affinis, Ophelina acumi-
nate, and Terebellides stroemii), two Arthropoda (Byblis
orientalis and Ampelisca miharaensis), and one Sipuncula
species (Apionsoma (Apionsoma) trichocephalus), were not
dominant during 2016-2021. In contrast, five Annelida
(Glycinde bonhourei, Prionospio queenslandica, Cossura di-

d increased significantly (p > 0.05) from 9. 42 in 2017

3.4 Response to environmental factors

Abundance showed a positive correlation with both depth
and salinity. Both H' and d were positively correlated with
depth, salinity, and DO. Biomass and J' did not show signif-
icant correlations with any of the environmental variables
morpha, Aricidea (Acmira) simplex, and Lumbrineris la-  (Table 2).

treilli), two Arthropoda (P, longicaudata and Xenophthal- For both CCA and RDA, the Monte Carlo test showed
mus pinnotheroides), and one Echinodermata (Amphio-  high significance for axis 1 and all canonical axes (p < 0.05),
plus (Lymanella) depressus) have become dominantspecies  indicating that the ordination results were credible
since 2016 (Table 1). (Table 3). The CCA results showed that the five environ-
mental variables explained 16.00% of the total variation in
benthic macroinvertebrate species, while the RDA results
showed that they explained 12.80% of the total variation
in benthic macroinvertebrate abundances. The first two

axes of CCA explained 78.31% of the species-environment
relationship, and RDA explained 85.49%.

3.3.4 Community diversity

The Shannon-Wiener diversity H', Pielou’s evenness J’,
and Margalef’s richness d all decreased in 2017 and then
increased in 2020 but decreased again in 2021 (Figure 7).
J' decreased significantly from 0.88 in 2006 to 0.711in 2017.
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of summer benthic macroinvertebrates in the

Benthic macroinvertebrate species showed different
distribution patterns depending on environmental factors
(Figure 8). Lumbrineris latreilli, Notomastus latericeus, and
Apionsoma (Apionsoma) trichocephalus preferred low DO

CE.

and temperature conditions. Conversely, Chaetozone se-
tosa, Glycinde bonhourei andAphelochaeta multifilis pre-
ferred high DO and temperature conditions. Paraprionos-
pio pinnata, Cossura dimorpha, Sternaspis chinensis and



Table 1. Dominant species (Y > 0.02) and species dominance (Y) of summer benthic macroinvertebrates in the CE in different years.

Species dominance (Y)

Species

Phylum

2011 2013 2014 2016 2017 2018 2019 2020 2021

2006

0.04
0.09

Glycinde bonhourei

0.06

0.02
0.03
0.03

Prionospio queenslandica
Cossura dimorpha

Aricidea (Acmira) simplex
Lumbrineris latreilli

0.05
0.02
0.04

0.07

0.04

0.02

0.03

Heteromastus filiformis

Chaetozone setosa

Annelida

0.10

0.02
0.04

Aphelochaeta multifilis
Praxillella affinis

0.04
0.02

0.03

www.czasopisma.pan.pl P N www.journals.pan.pl

Decadal change of benthic macroinvertebrates

Ophelina acuminata

0.07

Terebellides stroemii

0.02

Byblis orientalis

0.03

0.04

Ampelisca miharaensis
Photis longicaudata

Arthropoda

0.03

Xenophthalmus pinnotheroides

0.03

Amphioplus (Lymanella) depressus

Echinodermata

0.05 0.03

0.03

Apionsoma (Apionsoma) trichocephalus

Sipuncula
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Figure 8. Canonical correspondence analysis ordination of
the benthic macroinvertebrate species with environmental
variables in the CE. H.fi: Heteromastus filiformis; Tst: Tere-
bellides stroemii; Pqu: Prionospio queenslandica; Plo: Pho-
tis longicaudata; A.mu: Aphelochaeta multifilis; A.tr: Api-
onsoma (Apionsoma) trichocephalus; Ppi: Paraprionospio
pinnata; C.se: Chaetozone setosa; C.di: Cossura dimorpha;
Ppa: Paralacydonia paradoxa; L.ir: Iridona iridescens; Paf:
Praxillella affinis; G.bo: Glycinde bonhourei; S.sc: Sternaspis
chinensis; A.gu: Amphicteis gunneri; L.la: Lumbrineris la-
treilli; Pma: Phyllodoce malmgreni; G.ch: Glycera chirori;
X.pi: Xenophthalmus pinnotheroides; N.la: Notomastus lat-
ericeus.

Table 2. Pearson correlation coefficient between biotic
indices and environmental variables in the CE.

Environmental Abundance Biomass H' J' d
variables

Depth 0.19* 0.01 0.46** 0.09 0.46™*
Temperature -0.07 -0.05 -0.05 -0.14 -0.09
Salinity 0.20* 0.06 0.32** -0.10 0.34*
DO 0.10 -0.10 0.43** 0.10 0.43*
pH —-0.24 -0.19 0.03 0.10 0.01
*p<0.05

<001

Heteromastus filiformis preferred shallow water and low
salinity, whereas Terebellides stroemii, P. queenslandica,
Amphicteis gunneri, X. pinnotheroides and P. longicaudata
preferred deep water and high salinity. The distributions
of most benthic macroinvertebrate phyla were positively
correlated with depth, salinity, and dissolved oxygen (DO).
Echinodermata, Annelida, Crustacea, Sipuncula, and Platy-
helminthes preferred deeper waters and higher salinity.
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Table 3. Summary of the canonical correspondence analysis and redundancy analysis on benthic macroinvertebrates
community and bottom water environmental factors in summer in the CE.

CCA

RDA

Axis 1

Axis2 Axis 1 Axis2

Eigenvalue 0.30
Species-environmental correlations 0.80
Cumulative percentage variance of 7.93%
species data

Cumulative percentage variance of
species-environmental relation
Variance explained

Significance of first canonical axis
Significance of all canonical axes

49.68%

16.00%
2.00x 1073
2.00x 1073

0.18 0.08 0.03
0.70 0.42 0.46
12.50% 8.37% 10.92%
78.31% 65.50% 85.49%
- 12.80% -
- 8.00x 1073 -
- 4.00x 1073 -

0.6

Salinity

Echinodermata

Annelida
Crustacea
-_—
Sipuncula

latyelmi

Q

Nemertea

1

Depth
Cridaria Temperature
Echiura

Mollusca

<
- DO

-0.8 0.6

Figure 9. Redundancy analysis ordination of the benthic
macroinvertebrate phyla with environmental variables in
the CE.

Mollusca, Crustacea, Sipuncula, Cnidaria, and Echiura were
more abundant under high DO conditions, and Mollusca
also showed a preference for higher pH. Echinodermata,
Annelida, and Crustacea tended to favor lower tempera-
tures, while Cnidaria and Echiura preferred higher tem-
peratures (Figure 9). Nemertea, which contributed only
a small proportion to the total abundance, exhibited no
clear preference for depth, salinity or DO.

4. Discussion

4.1 Long-term change of benthic macroinvertebrates
Changes in the macrobenthic community, including an in-
crease in opportunistic species, a decrease in contaminant-

sensitive species, and a reduction in diversity indices, re-
vealed that benthic macroinvertebrates in the CE have been
exposed to long-term disturbance (Rhoads et al., 1985; Luo
and Shen, 1994; Shou et al,, 2013; Liao et al., 2017; Yan et
al, 2017). With a consistent increase in the abundances
and biomasses from 2006 to 2014, the benthic macroin-
vertebrates appeared to show signs of slight recovery, but
it was subsequently disturbed again during 2016-2021.

The dominant species and taxonomic compositions
have changed since 2016 when Annelida has become the
dominant species in the CE. Annelida accounted for ap-
proximately 40% of the total abundance in 1959 (Yan et
al,, 2017), butitincreased to 77.5% in 1985 (Luo and Shen,
1994). In our study, Annelida was the phylum with the
highest abundance among all benthic macroinvertebrates
in all cruises except 2019. Echinodermata accounted for
over 20% of the annual average abundance in 1959, which
was lower than Annelida’s (Yan et al., 2017). In 1985, it
consisted of over 20% of the total biomass, which made it
the second largest contributor to total biomass after Mol-
lusca (Luo and Shen, 1994). However, it was less than 7%
of the total abundance in all cruises except 2020 (11.38%)
in our study and less than 6% of the total biomass, except
in 2006 (20.04%). Besides, human activity and climate
change are the two main factors that influence estuarine
ecosystems (Jiang et al.,, 2014; Wang et al,, 2021; Li et al,,
2022). Their relationship with long-term changes in ben-
thic macroinvertebrates in the CE is discussed below.

4.2 Variations of benthic macroinvertebrates driven
by human activities
CE has been one of the most intensive areas of human
activity in the last few decades worldwide. With the de-
velopment of industrialization and urbanization along the
Changjiang, anthropogenic contaminants such as heavy
metals, hydrocarbons, and persistent organic pollutants
have been discharged into the river (Dong et al., 2012;
Adeleye et al., 2016; Zhao et al,, 2017). Terrestrial con-
taminants are transported downstream of Changjiang and
accumulate in the water and sediment of the CE (Zhu et
al,, 2018). With the rapid economic development of the
Changjiang Basin, pollutant levels in the Changjiang Estu-



ary have increased in recent decades (Li et al., 2014; Sun
etal, 2019). Anthropogenic contamination, coupled with
intensive fishery activity in the ECS, has deteriorated the
ecosystem in the CE (Zhu et al,, 2014; Duan et al,, 2015;
Cheung et al., 2019).

The benthic macroinvertebrates that responded to an-
thropogenic stress varied by phyla. Annelida species, for
example, preferred low DO levels (Figure 8). Annelida
are characterized by small body size and a high resistance
to contamination (Rouse and Pleijel, 2001; Dafforn et al.,
2013); therefore, they are considered opportunistic species
that are usually dominant in the macrobenthic community
under the influence of sedimental contaminations of heavy
metals and petroleum hydrocarbons caused by anthro-
pogenic activities (Tang et al.,, 2021). The proportion of An-
nelida in the total biomass varied with the cruises. Annel-
ida accounted for less than 50% of the total biomass during
most cruises. The abundance of Mollusca and Arthropoda
was much lower than that of Annelida, but they were quite
similar in biomass (Figure 6), implying that the body size
of Annelida collected from the CE was smaller than that of
Mollusca and Arthropoda. The proportion of Annelida in
the total biomass decreased to minima in 2014 and 2018,
while the biomass reached maxima in the same years. This
means that the increase in biomass in 2014 and 2018 was
mainly contributed by other phyla. Increases in the rich-
ness and abundance of Annelida have been reported in
many contaminated estuaries (Elliott and Quintino, 2007;
Dafforn et al., 2013) while other phyla typically decline
(Dolbeth et al., 2011).

Historical data from 1959 and 1985 show that Echino-
dermata was an important component of the macrobenthic
community (Luo and Shen, 1994; Yan et al., 2017). How-
ever, in our study, both its abundance and biomass were
much lower than that in 1959 and 1985. Echinodermata
are highly sensitive to various contaminants and are used
as bioindicators to evaluate marine pollution (Sugni et al.,
2007; de-la-Ossa-Carretero et al., 2016). The decreased
abundance and biomass of Echinodermata may be caused
by environmental deterioration in the CE.

Marine ecosystems in the ECS have been under strong
fishing pressure from 1990s to the early 2000s. The Chi-
nese government started an annual summer sea fishing
moratorium in the ECS in 1995, which makes it illegal for
vessels from any country to fish in this area in summer.
Decades of fishing moratoriums promote sustainable ma-
rine fishery development and improve marine ecology in
the ECS (L. Xu et al., 2022). Some species of Mollusca and
Arthropoda are economically important species that were
under fishing pressure from the 1990s to the 2000s (Xuan
etal,, 2014). As a result of national protective measures,
macrobenthic communities have recently shown signs of
recovery not only in the ECS (J. Zhang et al,, 2021), but also
in other marginal seas of China (Z. Wang et al,, 2021; Shi
etal, 2022; Zheng et al., 2025).

www.czasopisma.pan.pl P% ;N www journals.pan.pl

Decadal change of benthic macroinvertebrates dri

multiple stresses in the Changjiang Estuary .. 10/15

The damming in the Changjiang Basin over the past two
decades, including the impoundment of the Three Gorges
Dam in 2003, has significantly contributed to the reduction
in both mean annual water discharge and sediment flux
from the Changjiang River (Yang et al,, 2018). Correlation
analysis and RDA results indicated that the abundance of
benthic macroinvertebrates in the CE was positively corre-
lated with depth, salinity, and DO. Similarly, the Amazon
River, which also discharges large volumes of freshwater,
supports benthic macroinvertebrate communities that ex-
hibit a distribution pattern analogous to that in the CE,
with abundance and biomass increasing along the salinity
gradient (Silva et al., 2011). Therefore, the reduced runoff
resulting from damming may partly explain the observed
increase in abundance and biomass of benthic macroinver-
tebrates from 2006 to 2014. Additionally, the initial stages
of China’s South-to-North Water Diversion Project, specif-
ically the eastern and middle routes, were completed in
2013 and 2014, diverting 8.90 and 9.50 x 102 m3 of water
from the Changjiang annually (Jiang et al,, 2014). How-
ever, summer runoff in 2016 was higher than in previous
years (Figure 3), likely due to the strong El Nifio event that
occurred in 2015-2016.

The ecological environment has improved due to sev-
eral protective measures and policies (Chen et al.,, 2020).
The abundance and biomass of benthic macroinvertebrates
increased significantly from 2006-2014. Nevertheless,
with the occurrence of El Nifio events in 2015-2016 and
2019-2020, the community structure of benthic macroin-
vertebrates in the CE was profoundly impacted. The re-
gional protection efforts seem overshadowed by the effects
of global climate changes during 2016-2021.

4.3 Variations of benthic macroinvertebrates driven
by climate changes

The strong El Nifio event and a warm PDO phase coupled
with cold AMO phase during 2015-2016 promoted rain-
falls in the Changjiang Basin during the summer of 2016
(Figures 2 and 3) (Sang et al,, 2020). Large amounts of
diluted water are discharged into the ECS, causing eutroph-
ication and algal blooms (Zhu et al,, 2014). When the
deposited organic particles degrade, a large amount of
DO in the bottom water is consumed, leading to hypoxia
(Wang et al., 2017; Ma et al,, 2022). The spatial distri-
bution of benthic macroinvertebrates is positively associ-
ated with the DO in the bottom water. Therefore, large-
scale bottom-water hypoxia caused by El Nifio may reduce
abundance and biomass. In our study, the abundance and
biomass of benthic macroinvertebrates decreased signif-
icantly during 2016-2021 after the strong El Nifio event,
which implies negative impacts of global climate change
on the macrobenthic community in the CE. Although long-
term changes of benthic macroinvertebrates in estuaries
have rarely been reported, some previous studies suggest
that El Nifio events play an important role in driving these
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changes (Currie and Small, 2005).

The dominant species and diversity index of benthic
macroinvertebrates also changed after the strong El Nifio
during 2015-2016. Many Annelida species can tolerate
hypoxia for a long time by reducing their metabolic activ-
ity and utilizing alternative respiratory pathways (Warren,
1981; Llansd, 1991; Abele et al., 1998). Therefore, they
dominate the macrobenthic community when large-scale
hypoxia occurs in the bottom water (Rouse and Pleijel,
2001). Similarly, due to the high nutrient input from the
Pearl River and Mississippi River, seasonal hypoxia occurs
in the Pearl River Estuary and the Mississippi Bight. During
these hypoxic events, Annelida species have been reported
to dominate the macrobenthic communities in both es-
tuaries (Rakocinski and Menke, 2016; Tian et al., 2025).
Nevertheless, persistent hypoxia can cause severe damage
to all benthic macroinvertebrate phyla, including Annelida
(Diaz and Rosenberg, 1995). In summer, the depth, salinity,
and DO in the CE shared similar distribution patterns for
hypoxia, which is highly associated with the CDW (Ma et
al., 2022).

The near-shore area under the influence of CDW is
characterized by shallow water, low salinity and low DO,
where benthic macroinvertebrates are under pressure. In
contrast, in open ocean, characterized by deep water, high
salinity and high DO, most benthic macroinvertebrates pre-
fer to live under such environmental conditions. Under the
impact of El Nifio, extreme rainfall occurred throughout
the Chanjiang Basin (Bett et al., 2018). Thus, the CDW in-
fluenced a larger area of the CE during summer, resulting
in large-scale hypoxia, which consequently reduced the
abundance, biomass, and biodiversity of benthic macroin-
vertebrates.

Another El Nifio event occurred during 2018-2019
(Fangetal, 2021) when abundance and biomass of benthic
macroinvertebrates also decreased. The runoff rate during
the summer of 2020 increased because of the summer rain-
fall caused by El Nifio (Fang et al., 2021) and warm PDO
(Sang et al,, 2020). The proportion of Annelida in abun-
dance and biomass increased from 2019 to 2021, whereas
Arthropoda decreased in biomass simultaneously. Arthro-
poda species are susceptible to DO, and their mobility is
relatively greater compared to other benthic macroinverte-
brate species, so they may have emigrated from the hypoxic
areas (de Lima et al., 2021). This suggests that they have
great potential as bioindicators of bottom water hypoxia.

Benthic macroinvertebrates in the CE are vulnerable
due to the increasing frequency of extreme El Nifio events
inthelastdecade. El Nifio events influence the climate glob-
ally, so the consequences presented here may be a prelude
to the future deterioration of global marine ecosystems if
measures are not taken in time.

This study provides insights into the long-term dynam-
ics of benthic macroinvertebrates in the CE. However, its
exclusive reliance on summer cruise data may overlook sea-
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sonal variability in environmental conditions and biologi-
cal communities. Besides, the duration of the time series
may be insufficient to distinguish between short-term fluc-
tuations and persistent shifts in community structure. To
address these limitations, future research should incorpo-
rate year-round sampling to better reflect seasonal dynam-
ics and extend the temporal coverage. Such approaches
would allow for more accurate assessment of the tempo-
ral variability in macrobenthic communities and their re-
sponses to both anthropogenic pressures and climate vari-
ability, ultimately leading to more robust conclusions and
management strategies for estuarine ecosystems.

5. Conclusion

The present study confirmed that long-term changes in
benthic macroinvertebrates in the CE were highly asso-
ciated with physicochemical stresses caused by human
activities and climatic changes. The macrobenthic commu-
nity in the CE recovered slightly from 2006 to 2014, likely
due to regional protective measures for local ecosystems.
However, under the influence of precipitation variations
driven by ENSO, PDO and AMO over the last decade, the
community structure of benthic macroinvertebrates has
deteriorated rapidly. The effects of regional protection
strategies seem to be limited, and more international coop-
eration measures are urgently required to conserve marine
ecosystems. This study could be useful to local and inter-
national environmental managers because most estuaries
suffer from human and climate driven global changes.
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