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Urban estuaries are amongst the most severely altered systems worldwide and undergo a wide range of ecological
crises such as habitat destruction, nutrient enrichment and hydrodynamic alterations, resulting in an irreversible
loss of biodiversity as well as a further environmental deterioration. Differentiating the main driving forces of
multiple stressors is of utmost importance to provide beneficial insights for environmental restoration and
management. In the present study, comprehensive investigations and multivariate approaches were performed to
reveal the spatio-temporal variations of benthic macroinvertebrate communities and biotic indices and to
examine their responses to environmental alterations within a highly urbanized fluvial-estuarine system. The
nutrient levels gradually dwindled from urban fluvial sections to estuarine sections, meanwhile, macro
invertebrate community composition and dominant species considerably varied along the estuarine gradient.
Overall, environmental parameters, macroinvertebrate communities and biotic indices varied significantly
among sections and seasons. Salinity, dissolved oxygen, ammonia, total nitrogen, chemical oxygen demand and
total organic carbon significantly explained the spatio-temporal variations of macroinvertebrate communities
and biotic indices. Despite some inconsistencies in assessment outcomes, all indices revealed that urban fluvial
sections of the Pearl River Estuary were disturbed, more or less severe depending upon the index. Among the
tested indices, AMBI, BENTIX and average taxonomic distinctness (Δ+) presented better performance in assessing
the ecological quality status and showed high responses to environmental stresses. More importantly, the relative
contribution of water parameters vastly overrode sediment parameters in shaping variations of macro
invertebrate communities and biotic indices, demonstrating that anthropogenic activities (e.g., discharge of
municipal and industrial sewage) directly altered the benthic community composition and diversity.

1. Introduction
Estuaries as transition zones are interconnected with the river and
marine systems concurrently accompanied by various major biogeo
chemical cycles (e.g., food webs, energy flows, nutrient cycles and hy
drologic cycles). Consequently, estuarine systems are generally
susceptible to changes in global systems and cycles (Kennish, 2002;
Meire et al., 2005; Veríssimo et al., 2013). Amongst the most valuable

and productive systems with considerable resources and socio-economic
values (Costanza et al., 1997), estuaries are not only of great importance
to the society, supporting a large range of exploitation or production
activities, but also for various ecological functions such as maintaining
biological productivity, protecting shorelines and attenuating storm
surges (Hoeinghaus et al., 2011; Möller et al., 2014; Stark et al., 2017;
Temmerman et al., 2013). However, with the increasing urbanization
and industrialization, an irreversible degradation of ecological quality in
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estuarine systems has occurred due to tremendous anthropogenic ac
tivities comprising unscrupulous sewage discharge, destructive recla
mation, unsustainable fishing and hydrological modifications (Gusmao
et al., 2016; Hale et al., 2016; Halpern et al., 2015; Katsiaras et al., 2015;
Pascual et al., 2012).
In addition to alterations tightly coupled to these anthropogenic
threats, estuaries are also considered to be dynamic systems with
enormous variability in ecological processes at different spatio-temporal
scales. Generally, due to the interactive forces between catchment runoff and tidal action, physicochemical conditions vary considerably along
estuarine gradients with noticeable changes in water movement,
turbidity and salinity (Borja et al., 2013; Dauvin et al., 2017; Dittmann
et al., 2015; Hampel et al., 2009). Correspondingly, spatio-temporal
patterns of biological community and diversity can potentially be
altered along with these changes in estuaries (Blanchet et al., 2014; Neto
et al., 2014; Santana et al., 2018). Within this context, it is difficult to
discriminate between anthropogenic influences and natural perturba
tions on structure and function of estuarine systems (Borja et al., 2015;
Dauvin & Ruellet, 2009; Elliott & Quintino, 2007; Van der Linden et al.,
2016). Hence, exploring an effective approach for detecting driving
forces and evaluating ecological integrity can immensely contribute to
managing estuarine systems.
Among the diverse biological components of estuarine system,
macroinvertebrates play a vital role in operating system processes,
especially in facilitating nutrient cycling and accelerating energy flow
through detritus decomposition and food webs, respectively (Covich
et al., 1999; Mermillod-Blondin et al., 2005). Furthermore, macro
invertebrates are widely preferred as efficient indicators for assessing
the ecological quality status of estuarine systems, since changes in spe
cies composition, abundance and distribution of assemblages can result
from environmental variations due to their differential sensitivities and
tolerances to varied pressures (Cañedo-Argüelles et al., 2012; Crespo
et al., 2018; Leonardsson et al., 2015). With a view to the advantages of
flexibility and efficiency, diverse biotic indices were developed as a
robust supplementary proxy for evaluating ecological quality and
integrity (Borja et al., 2000; Clarke & Warwick, 1998; Dauvin et al.,
2016; Dauvin & Ruellet, 2007; Muxika et al., 2007; Simboura & Zenetos,
2002). Nevertheless, researchers also caution that part of prior studies
on environmental assessment processes, while observing a real perfor
mance, have limitations by applying a single biotic index (Bevilacqua
et al., 2011; Dauvin et al., 2010; Elliott & Quintino, 2007). Compara
tively speaking, multimetric indices formed by multiple biotic parame
ters for the ecological quality assessment of estuaries are gradually
becoming more acceptable and reasonable (Borja & Dauer, 2008; Borja
et al., 2007; Clarke & Warwick, 2001; Labrune et al., 2012; Van der
Linden et al., 2016; Veríssimo et al., 2017). Furthermore, univariate and
multivariate biotic indices were jointly utilized to compare the perfor
mance on revealing the real status of benthic community diversity in
experiencing environmental crises (Berger et al., 2017; Labrune et al.,
2012; Mulik et al., 2017; Sundermann et al., 2013; Vinagre et al., 2016;
Wetzel et al., 2012).
The Pearl River Estuary (South China) surrounded by heavily ur
banized megacities, has been undergoing a series of ecological issues
and crises, not only with various degrees of estuarine natural distur
bance but also severe anthropogenic perturbations such as excessive
nutrient loads and organic pollutants (He et al., 2014; Lin et al., 2016;
Peng et al., 2017). In addition, the noticeable alterations of community
structure and the loss of biodiversity have been observed over the past
decades, leading to the deterioration of its ecosystems and further im
pacts on human health. Concerning the above threats, it is, indeed,
essential and urgent to investigate and evaluate the ecological status of
the Pearl River Estuary. In the present study, benthic macroinvertebrate
community structure and diversity, as well as environmental conditions,
were investigated in the Pearl River Estuary among different seasons.
The objectives of the present study were (i) to describe the spatiotemporal variations of environmental conditions, macroinvertebrate

communities and biotic indices; (ii) to comprehensively assess the
ecological quality status of the Pearl River Estuary from urban fluvial
sections to estuarine sections by means of macroinvertebrate-based
indices; and (iii) to reveal the responses of macroinvertebrate commu
nities and biotic indices to environmental parameters along a subtrop
ical urbanized fluvial-estuarine system, as well as to explore its
environmental determinants.
2. Materials and methods
2.1. Study area
The study was carried out within the Pearl River Estuary system in
the Guangdong Province of the South China (E 113◦ 12′ -113◦ 38′ , N
22◦ 42′ –23◦ 12′ ), which has a humid subtropical monsoon climate with a
mean annual temperature of 22 ◦ C. The mean annual precipitation
ranges from 1600 to 2300 mm and the precipitation from April to
September accounts for 81–85% of the annual precipitation. The study
area is characterized by a complex river network, composed of
numerous tributaries (e.g., Xijiang, Beijiang, Dongjiang and Liuxi River).
The influxes of flow and sediment of the tributaries in the Pearl River
Delta river network flow into the South China Sea through the estuarine
mouths. Furthermore, the tide in the river network of the Pearl River
Estuary belongs to irregular semidiurnal tide and the inequality of the
height of the diurnal tide is very significant. Consequently, due to the
dual effects of river runoff and tide, the environmental characteristics of
this zone are dominated by complex hydrodynamic conditions and
unique sediment structure.
In the present study, three sampling campaigns were conducted
during January, April and July 2017 (winter, spring and summer),
including 14 sections (S1-S14; Fig. 1) each time, with three samples per
section, from the confluence of Liuxi River and Pearl River to the mouth
of the South China Sea. The sections located in the river channel of
Guangzhou city are defined as the urban sections (S1-S10), receiving
varying sources of pollution, and the water quality of these sections is
seriously polluted resulting in an extremely low concentration of dis
solved oxygen and a high level of nutrients and organic compounds (Liu
et al., 2014; Peng et al., 2017; Yu et al., 2011). Correspondingly, the rest
of the sections (S11-S14) located in the mouth zone of the estuary are
considered as the estuarine sections, characterized by high hardness and
salinity, as well as being relatively lightly polluted (He et al., 2010; Lin
et al., 2016; Zhang et al., 2012).
2.2. Environmental parameters
At each sampling section, water temperature (WT), pH, salinity and
dissolved oxygen (DO) were measured in situ using YSI Professional Plus
Multiparameter Meter (Xylem Inc., USA). Integrated water samples and
sediments were collected and brought back to the laboratory for ana
lyses. In the laboratory, the concentrations of total phosphate (TP), total
nitrogen (TN), ammonia nitrogen (NH4-N), nitrate nitrogen (NO3-N) and
chemical oxygen demand (COD) of the water samples were determined
according to available National Standards of China (State Environ
mental Protection Administration of China, 2002). The content of total
organic carbon (TOC) of water samples was determined using the Vario
TOC analyzer (Elementar Inc., Germany). A glass electrode was used to
determine the sediment pH (SpH) in a 1/2.5 (v/v) sediment/water
suspension. Inductively coupled plasma-atomic emission spectrometry
(ICP-AES) (ICAP-9000) was used to determine the concentrations of
aluminum (Al), magnesium (Mg), calcium (Ca), potassium (K) and so
dium (Na) in the sediment. The organic matter (OM) content of the
sediment was determined with a combustion method. A Vario EL III
analyzer (Elementar Inc., Germany) was used to analyze the content of
total organic carbon (C%) and C/N ratio. Sand-silt–clay ratios and grain
size (d0.5) in the sediment samples were determined using the Master
sizer 2000 laser particle size analyzer (Malvern Inc., UK).
2
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Fig. 1. Map showing the location and sampling sections in the Pearl River Estuary, South China.

2.3. Macroinvertebrate samples and biotic indices

website (https://ambi.azti.es). M-AMBI is a multivariate assessment
approach integrating Shannon diversity, richness and AMBI in the
calculation process (Muxika et al., 2007). A priori ‘high’ and ‘bad’
ecological status was set as the default values for the reference condi
tions to perform the calculation routine of M-AMBI. BENTIX is derived
from AMBI by reclassifying the five ecological groups into three
ecological groups. EG II and III of AMBI are categorized into EG II of
BENTIX, and EG IV and V of AMBI correspond to EG III of BENTIX
(Simboura & Zenetos, 2002). W-value is based on the k-dominance
curves for species biomass and numbers, also termed abundancebiomass comparison (ABC) distribution curves, which is a single statis
tic characterizing the degree and direction of ABC curve separation
(Warwick & Clarke, 1994). W-value is calculated using the Dominance
Plot routine from PRIMER v6 software. The classification ranges asso
ciated with the different ecological quality (EcoQ) status for the selected
biotic indices are given in Table 1.

The sampling of macroinvertebrates was conducted using a modified
Petersen grab (0.06 m2), with three quantitative subsamples collected
per section and eventually pooled into one sample. A fine-mesh sieve
(250 μm) was used to filter out some organic detritus and fine sediment
of the samples in situ. After that, all macroinvertebrates were rinsed and
selected from the sediment, and preserved in 100 mL polyethylene
containers with a 7–10% formaldehyde solution for later identification.
In the laboratory, the specimens of macroinvertebrates were identified
and counted under a microscope or dissection microscope. The feasible
and reliable taxonomic level was performed to identify the macro
invertebrates. Generally, Oligochaeta and Mollusca were identified to
the species level, Polychaeta and Arthropoda were identified to the
genus level and, if possible, to the species level.
Macroinvertebrate-based indices were computed to assess the
ecological quality status of the Pearl River Estuary and to reveal the
correlations between the indices and environmental parameters. The
following indices were calculated and incorporated in this study: (i)
traditional diversity indices including Shannon diversity (H’), Simpson
diversity (1-λ’), Margalef richness (d) and Pielou evenness (J’), as basic
descriptors calculated with the number of individuals and species; (ii)
taxonomic distinctness diversity indices (Clarke & Warwick, 1998)
including taxonomic diversity (Δ), taxonomic distinctness (Δ*), average
taxonomic distinctness (Δ+) and variation in taxonomic distinctness
(Λ+), calculated on basis of the reference species list, including all
species identified in the present and previous studies. Both traditional
diversity indices and taxonomic distinctness diversity indices were
calculated using the DIVERSE routine from PRIMER v6 software (Ply
mouth Laboratory, UK) (Clarke & Gorley, 2006); and (iii) biotic indices
widely applied in estuarine bioassessment, such as AZTI’s Marine Biotic
Index (AMBI) (Borja et al., 2000), multivariate-AMBI (M-AMBI) (Muxika
et al., 2007), BENTIX (Simboura & Zenetos, 2002) and W-value (Clarke,
1990). In addition, ecological groups (EG) of AMBI index were classified
according to the ecological strategies of the species and the degree of
sensitivity/tolerance to an environmental stress (Borja et al., 2000). The
species grading from EG I to EG V represents species that are highly
sensitive to environmental stress to extremely tolerant species. Abun
dance indices representing the relative abundance of ecological groups
(% EG I, % EG II, % EG III, % EG IV and % EG V) were hereby included.
AMBI and M-AMBI were calculated following the guidelines given by
Borja and Muxika (2005) with the AMBI software available at AZTI’s

2.4. Statistical analysis
Kruskal-Wallis tests were performed to examine the significance of
variation
for
individual
environmental
parameters
and
macroinvertebrate-based biotic indices among sections and seasons
using SPSS version 25.0. Prior to analyses, Shapiro-Wilk tests and Lev
ene’s tests were performed to check the normality of distribution and the
homogeneity of variances, respectively. To investigate the spatiotemporal variations of macroinvertebrate communities, two analyses
were performed: 1) the partial redundancy analysis (partial RDA) using
sections as explanatory variables and seasons as covariables and samples
were permuted within the covariables in the Monte Carlo permutation
tests under the partial RDA analysis, and 2) the same analysis but
Table 1
The classification ranges associated with the different ecological quality (EcoQ)
status. Literature references are provided at the bottom of the table.
EcoQ

H’

AMBI

M-AMBI

BENTIX

W-value

High
Good
Moderate
Poor
Bad

>5.0
4.0–5.0
3.0–4.0
1.5–3.0
<1.5

0.0–1.2
1.2–3.3
3.3–4.3
4.3–5.5
5.5–7.0

0.77–1.00
0.53–0.77
0.39–0.53
0.20–0.39
0.00–0.20

4.5–6.0
3.5–4.5
2.5–3.5
2.0–2.5
0.0–2.0

0.50–1.00
0.15–0.49
− 0.14 to 0.14
− 0.49 to − 0.15
− 1.00 to − 0.50

H’: Labrune et al. (2006); AMBI: Borja et al. (2004); M-AMBI: Borja et al. (2007);
BENTIX: Simboura and Zenetos (2002); W-value: Marín-Guirao et al. (2005).
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reverse, seasons as explanatory variables and sections as covariables.
The macroinvertebrate abundance data was Ln (x + 1) transformed.
Similarly, the overall spatio-temporal variations of environmental pa
rameters were obtained by performing partial RDA with environmental
parameters as species, and sections and seasons as covariables and
explanatory variables, respectively. The same analyses as for environ
mental parameters were performed on biotic indices to get the overall
spatio-temporal variations of biotic indices. Environmental parameters
and biotic indices were centred and standardised to make them math
ematically equally important in the analyses. Subsequently, the prin
cipal component analysis (PCA) was performed on environmental
parameters, macroinvertebrate communities and biotic indices to
display their spatio-temporal variations, respectively. Sampling sections
and seasons as supplementary variables were passively projected after
wards to the PCA diagram.
In order to assess the correlations between macroinvertebrate com
munities and environmental parameters, an RDA was performed intro
ducing all environmental parameters as explanatory variables and
seasons as covariable. The significance of the environmental parameters
in explaining the differences in community composition was tested using
Monte Carlo permutation tests with forward selection. Afterwards an
RDA was performed introducing environmental variables that were
significant in the simple term effects of the partial RDA as explanatory
variables, and sections and seasons as supplementary variables. The
same analysis was performed to explore the associations between biotic
indices and environmental parameters (Merga et al., 2021). All these
multivariate analyses were performed using Canoco 5.1 software (Ter
Braak & Šmilauer, 2018).

the first two PC axes explained 20% and 15% of the total variation,
respectively (Fig. 2). WT, DO, TN, TP, NH4-N, NO3-N, TOC, COD,
salinity, SpH, C% and Clay% were largely contributing to the differences
among sections and seasons. An overall significant difference (Pseudo-F
= 1.5, p = 0.002) among sections was revealed by a Monte Carlo per
mutation test of the partial RDA (Fig. S1). A total of 35% of the variation
was explained, of which 38% was displayed on the horizontal axis and
another 16% on the vertical axis. Along the horizontal axis of the partial
RDA, noticeable contributions to separating urban fluvial from estuarine
sections were found from NH4-N, COD, DO and salinity of the water
column and C% in the sediment (Fig. S1). Sediment parameters such as
Al, Clay%, Na and d0.5 were slightly associated with the vertical axis of
the partial RDA (Fig. S1). Overall, the nutrient levels gradually dwindled
from urban fluvial sections to estuarine sections (Table S1). The con
centrations of NH4-N (p = 0.003) and COD (p = 0.017) were significantly
higher in urban fluvial sections than in estuarine sections, while oppo
site pattern of variation for salinity and DO was observed during the
study period (Table 2, Table S1). The concentrations of salinity (p =
0.015) and DO (p = 0.033) were remarkable higher in estuarine sections
adjacent to the mouth of the Pearl River Estuary (Table 2, Table S1).
Furthermore, there was an overall significant difference (Pseudo-F =
5.9, p = 0.002) among seasons (Fig. S2). Differences among seasons
explained 21% of the total variation, of which 73% was displayed on the
horizontal axis and the remaining 27% on the vertical axis. WT, TP, TN,
NO3-N, TOC and SpH were strongly contributed to this overall seasonal
difference (Fig. S2). Nutrient parameters including TP (p < 0.001), TN
(p < 0.001) and NO3-N (p < 0.001) were found to significantly decrease
in concentration from winter to summer, while WT (p < 0.001), salinity
(p = 0.007) and TOC (p < 0.001) increased significantly (Table 2,
Table S1). Other parameters with less but significant temporal variations
were SpH (p = 0.047) and Clay% (p = 0.050). Additionally, no signifi
cant differences, both spatially and temporally, were found in sediment
metal parameters (Table 2, Table S1).

3. Results
3.1. Environmental parameters
The results of the principal component analysis (PCA) indicated that

3.2. Macroinvertebrate communities

1.0

A total of 31 macroinvertebrate taxa belonging to 17 families and 28
genera were recorded over the study period. The winter, spring and
summer datasets contained 21, 22 and 29 taxa, respectively (Table S2).
Taxa richness at sections ranged from 2 and 18, whereas mean abun
dance varied from 16 to 146091(ind./m2) per section. Conspicuous
changes in taxa abundance and composition were observed along the
estuarine gradient (Fig. 3). On average, the taxa present in urban fluvial
sections had extremely higher overall abundance (Fig. 3). The PCA
revealed the spatio-temporal variation in macroinvertebrate community
composition, with 53% and 10% of the variation being presented on the
horizontal and vertical axes, respectively (Fig. 4). Further, significant
difference in macroinvertebrate community composition among sec
tions (Pseudo-F = 3.4, p = 0.002) was indicated by Monte Carlo per
mutation tests of the partial RDA (Fig. S3). In general, different
taxonomic assemblages were characterized between urban fluvial and
estuarine sections. The taxonomic composition varied slightly in urban
fluvial sections, with oligochaetes (e.g., Limnodrilus hoffmeisteri, Tubifex
tubifex and Branchiura sowerbyi) predominating, whereas polychaetes (e.
g., Namalycastis abiuma and Nephtys polybranchia) and crustaceans
(Gammarus sp.) played an important role in estuarine sections (Fig. 3,
Fig. 4). Additionally, seasonal variation (Pseudo-F = 2.8, p = 0.004) in
macroinvertebrate community composition was found to be signifi
cantly different (Fig. S4).

S3

TOC
Clay%
WT

COD

C/N

Summer
d0.5

S1

S2

S4

C%

NH4-N

S5

TN
K

OM
S8
Na

S13
DO

Mg

S7

Al
Spring

S12
Sand%
Ca pH
S6
S10 SpH
S9
Salinity
Silt%

TP
Winter
NO3-N

-1.0

S11
S14

-1.0

1.0

Fig. 2. PCA plot showing the correlations between environmental parameters
in the different sections and seasons. The horizontal and vertical axes display 20
and 15% of the total variation in environmental parameters, respectively.
Monte Carlo permutation tests indicated that differences among sections
(Pseudo-F = 1.5, p = 0.002) and seasons were significant (Pseudo-F = 5.9, p =
0.002). Triangles, circles and squares represent environmental parameters,
sections and seasons, respectively.

3.3. Macroinvertebrate-based indices
The results of PCA regarding macroinvertebrate-based indices indi
cated that 36% and 30% of the spatio-temporal variation was individ
ually displayed on horizontal and vertical axes of the PCA (Fig. 4).
Overall significant differences among sections (Pseudo-F = 3.1, p =
4
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Table 2
Summary of all environmental parameters and biotic indices (±standard deviation) in the Pearl River Estuary and Kruskal-Wallis test results for the differences among
sections and seasons. Bold values represent significant difference at p < 0.05.
Parameter

Range

Mean ± SD

Section

Season

H

p

H

p

Water
pH
Temperature (℃)
DO (mg L− 1)
Salinity (ppt)
COD (mg L− 1)
TP (mg L− 1)
TN (mg L− 1)
NO3-N (mg L− 1)
NH4-N (mg L− 1)
TOC (mg L− 1)

6.0–8.4
19.3–30.0
0.2–5.9
0.11–5.60
10.0–51.0
0.01–1.84
0.93–10.50
0.36–7.14
0.01–6.44
2.82–21.77

7.4 ± 0.5
23.5 ± 3.4
2.7 ± 1.8
0.79 ± 1.22
26.0 ± 10.5
0.25 ± 0.40
3.52 ± 2.66
2.09 ± 1.98
1.33 ± 1.60
6.83 ± 4.50

12.075
5.978
23.840
26.300
25.993
9.812
11.309
4.585
31.628
14.115

0.521
0.947
0.033
0.015
0.017
0.709
0.585
0.983
0.003
0.366

5.742
26.857
4.509
9.980
1.704
27.021
24.933
28.126
0.161
22.394

0.057
<0.001
0.105
0.007
0.427
<0.001
<0.001
<0.001
0.923
<0.001

Sediment
SpH
C (%)
C/N
OM (g kg− 1)
d0.5 (μm)
Clay (%)
Silt (%)
Sand (%)
K (g kg− 1)
Ca (g kg− 1)
Na (g kg− 1)
Mg (g kg− 1)
Al (g kg− 1)

6.4–9.6
0.7–4.5
7.6–16.8
20.7–59.7
6.4–493.7
3.8–57.9
19.4–69.7
18.4–31.6
18.4–31.3
15.7–27.5
15.2–33.3
20.6–35.0
14.0–24.9

8.0 ± 0.9
1.9 ± 0.8
11.5 ± 1.7
37.9 ± 12.1
42.0 ± 95.9
28.2 ± 15.5
47.4 ± 14.8
24.4 ± 4.0
25.2 ± 4.0
21.0 ± 3.5
24.5 ± 5.8
28.0 ± 4.2
19.7 ± 3.1

7.828
25.289
12.024
12.028
27.570
11.861
9.738
13.504
12.043
10.662
11.900
12.717
20.545

0.855
0.021
0.526
0.525
0.010
0.539
0.715
0.410
0.524
0.639
0.536
0.470
0.082

6.133
1.432
0.016
2.234
2.093
5.997
4.654
3.922
2.448
1.266
3.263
2.807
0.417

0.047
0.489
0.992
0.327
0.351
0.050
0.098
0.141
0.294
0.531
0.196
0.246
0.812

Biotic indices
% EG I
% EG II
% EG III
% EG IV
% EG V
AMBI
M-AMBI
BENTIX
W-value
Shannon diversity (H’)
Simpson diversity (1-λ’)
Margalef richness (d)
Pielou evenness (J’)
Taxonomic diversity (Δ)
Taxonomic distinctness (Δ*)
Average taxonomic distinctness (Δ+)
Variation in taxonomic distinctness (Λ+)

0–78.4
0–80.0
0–90.6
0–75.6
0–98.9
0.49–5.98
0.16–0.58
2.00–5.57
− 0.24–0.61
0.43–2.13
0.19–0.85
0.27–1.72
0.24–1.00
4.5–70.5
22.9–98.4
30.0–90.7
38.6–795.0

7.6 ± 20.0
7.7 ± 18.7
12.2 ± 19.7
15.5 ± 19.5
56.9 ± 35.5
4.60 ± 1.66
0.35 ± 0.11
2.61 ± 1.12
0.10 ± 0.17
1.26 ± 0.43
0.58 ± 0.17
0.99 ± 0.41
0.61 ± 0.18
30.2 ± 16.1
51.0 ± 23.0
59.0 ± 19.5
364.4 ± 236.3

23.338
26.314
31.832
21.986
30.809
31.977
23.285
26.836
18.364
24.408
20.962
20.162
15.723
21.638
27.875
30.032
26.224

0.038
0.015
0.003
0.056
0.004
0.002
0.038
0.013
0.144
0.028
0.074
0.091
0.264
0.061
0.009
0.005
0.016

1.287
0.358
1.306
0.518
3.023
1.752
1.132
0.536
0.994
1.420
2.150
2.384
3.461
3.158
2.760
3.584
1.657

0.525
0.836
0.521
0.772
0.221
0.417
0.568
0.765
0.608
0.492
0.341
0.304
0.177
0.206
0.252
0.167
0.437

Fig. 3. Spatial distribution of the mean abundance of (A) macroinvertebrate community, and (B) composition at each section in the Pearl River Estuary.
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Fig. 4. PCA plot showing the correlations between (A) macroinvertebrate community composition, with respective 53% and 10% variation on the horizontal and
vertical axes, and (B) biotic indices, with respective 36% and 30% variation on the horizontal and vertical axes, in the different sections and seasons. Monte Carlo
permutation tests indicated that differences in macroinvertebrate community composition among sections (Pseudo-F = 3.4, p = 0.002) and seasons were significant
(Pseudo-F = 2.8, p = 0.004). Also, Monte Carlo permutation tests indicated that differences in biotic indices among sections (Pseudo-F = 3.1, p = 0.002) and seasons
were significant (Pseudo-F = 2.2, p = 0.018). Triangles represent species in plot A and biotic indices in plot B, circles and squares represent sections and seasons,
respectively.

Fig. 5. The relative abundance of (A) ecological groups of AMBI and ecological quality (EcoQ) status based on (B) Shannon diversity (H’), (C) AMBI, (D) M-AMBI, (E)
BENTIX and (F) W-value along the estuarine gradient of the Pearl River Estuary. The classification ranges associated with the different EcoQ status ratings (dotted
lines) are shown in Table 1.
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0.002) and seasons (Pseudo-F = 2.2, p = 0.018) were indicated by Monte
Carlo permutation tests (Fig. S5, Fig. S6). Nevertheless, no seasonal
differences were found with respect to individual biotic indices
(Table 2). AMBI (p = 0.002), M-AMBI (p = 0.038), BENTIX (p = 0.013),
H’ (p = 0.028), Δ* (p = 0.009), Δ+ (p = 0.005) and Λ+ (p = 0.016)
presented significant differences among sections. Of the relative abun
dance of ecological groups based on AMBI, EG I (p = 0.038), EG II (p =
0.015), EG III (p = 0.003) and EG V (p = 0.004) significantly differed
among sections (Table 2). The relative abundance of EG V evidently
contributed to urban fluvial sections, whereas a more diverse ecological
group composition was found in estuarine sections (Fig. 4, Fig. 5).
Considering the indices of W-value, 1-λ’, d, J’ and Δ, no significant
spatio-temporal differences was found (Table 2, Table S3).
Along the estuarine gradient, all the biotic indices displayed a
generally similar development pattern, with the exception of AMBI and
BENTIX which showed opposite patterns given that high values corre
sponded to ‘bad’ EcoQ status and ‘high’ EcoQ status, respectively (Fig. 5,
Table S3). Given the results of the biological assessment by AMBI and
BENTIX, ‘bad’ and ‘poor’ EcoQ status were characteristic of urban fluvial
sections while ‘good’ EcoQ status was strongly associated with the
estuarine sections (Fig. 5). H’, M-AMBI and W-value had basically the
same fluctuation pattern, although H’ had the worst assessment out
comes followed by M-AMBI and W-value, which were considered to be
‘poor’ or ‘bad’, ‘moderate’ or ‘poor’, and ‘good’ or ‘moderate’, respec
tively (Fig. 5). The outcome of Δ+ was generally in accordance with the
AMIB and BENTIX assessment results: urban fluvial sections were
described as disturbed sections and estuarine sections were undisturbed
or less disturbed sections (Fig. 6). However, the simulated distribution of
the values of Λ+ showed that the Λ+ values in different sections fell
mainly within the confidence interval of the funnel, which was markedly
different from the distribution of Δ+ values (Fig. 6). Likewise, the ellipse
plot presented a clear detachment between urban fluvial and estuarine
sections, but neither of them remained inside the expected probability
regions for a range of two sub-list sizes (10, 20) based on the regional
species pool, which also revealed that they might have been subjected to
different types of disturbances (Fig. 6).

composition, of which 70% was displayed on the horizontal axis and
another 10% on the vertical axis (Fig. 7). Monte Carlo permutation tests
using simple and conditional term effects were performed with all
environmental parameters, of which nine environmental parameters (e.
g., salinity, DO, NH4-N, TN, COD, Al, WT, C% and TP) were able to
individually explain a significant part of the variation of the macro
invertebrate community composition. All these parameters were applied
to the RDA analysis, although some of them were not significant in the
conditional test because they shared a common explanatory portion
with other parameters (Fig. S7, Table S4). The axes of the RDA generally
separated the sections into two groups with similar macroinvertebrate
community characteristics. For instance, urban fluvial sections were
strongly positively related with the horizontal axis being characterised
by high NH4-N, TN, COD, C%, TP and low DO. The macroinvertebrate
communities associated with these sections mainly comprised species of
oligochaetes, such as Limnodrilus claparedeianus, L. hoffmeisteri, Aulo
drilus pigueti, Pristina acuminata, Branchiura sowerbyi and Tubifex tubifex.
Whereas the estuarine sections displayed a strongly positive correlation
with salinity and DO. Examples of macroinvertebrate communities
associated with these sections mainly comprised Potamocorbula laevis,
Gammarus sp. Namalycastis abiuma, Nephtys polybranchia, Eteone delta
and Corbicula fluminea (Fig. 7).
3.5. Correlations between macroinvertebrate-based indices and
environmental parameters
Of the Monte Carlo permutation tests using simple term effects with
all environmental parameters, the variation in macroinvertebrate-based
indices was significantly explained by gradients in DO, salinity, NH4-N,
TN, COD, C% and WT (Fig. S8, Table S5). These environmental pa
rameters significantly (Monte Carlo permutation test, Pseudo-F = 2.9, p
= 0.002) explained 38% of the total variation in biotic indices, of which
72% was displayed on the horizontal axis and another 14% on the
vertical axis (Fig. 7). The results of RDA revealed that
macroinvertebrate-based indices such as Δ*, Δ+, Δ, BENTIX, % EG I, %
EG II and % EG III showed a positive correlation with high salinity and
DO concentrations. Conversely, AMBI and % EG V were positively
correlated with COD, NH4-N, TN and C%. Overall, the distribution of
biotic indices was clearly distinguished by urban fluvial sections with
high nutrient levels from estuarine sections with high salinity and DO
concentrations (Fig. 7). Nevertheless, some indices, such as H’, 1-λ’, d,
J’, M-AMBI, W-value and Λ+ did not show notable correlations with
environmental parameters, but their high values tended to be associated

3.4. Correlations between macroinvertebrate communities and
environmental parameters
The RDA analysis presented that the environmental parameters
significantly (Monte Carlo permutation test, Pseudo-F = 3.3, p = 0.002)
explained 49% of the total variation in macroinvertebrate community

Fig. 6. Funnel plots showing (A) average taxonomic distinctness (Δ+) and (B) variation in taxonomic distinctness (Λ+) in relation to random occurrence in the
regional species pool, with 95% confidence interval. Ellipse plot (C) illustrating the departure of the biotic indices from the expected values of Δ+ and Λ+, with 95%
probability regions for a range of two sub-list sizes (10, 20) based on the regional species pool.
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Fig. 7. RDA triplot showing the correlations between significant environmental parameters with (A) macroinvertebrate community composition (Pseudo-F = 3.3, p
= 0.002) and (B) biotic indices (Pseudo-F = 2.9, p = 0.002). The environmental parameters explained 49% of the variation in community composition, of which 70%
was displayed on the horizontal axis and another 10% on the vertical axis; The environmental parameters explained 38% of the variation in biotic indices, of which
72% was displayed on the horizontal axis and another 14% on the vertical axis. Triangles represent species in plot A and biotic indices in plot B, circles and squares
represent sections and seasons, respectively.

with midstream urban sections (Fig. 7, Table S3).

In addition, significant seasonal differences were observed for the
majority of water parameters and a few sediment parameters, largely
driven by the interference of tidal upwelling and river scouring under
the influence of subtropical monsoon climate (Souza et al., 2016). For
instance, the higher concentrations of nutrient parameters such as TN,
NH4-N and NO3-N were found in winter, and lower concentrations were
observed in summer. Dai et al. (2008) found similar outcomes that the
upper urban sections of the Pearl River Estuary were characterized by
low runoff and low oxidation rates of ammonia and nitrate in winter,
accompanied by high ammonia and nitrate concentrations, whereas the
contrary results were observed in summer. In addition to runoff, changes
in temperature can affect aerobic respiration and nitrification rates,
which can further affect nutrient and dissolved oxygen concentrations in
the estuary (Dai et al., 2008; Lin et al., 2016).

4. Discussion
4.1. Characteristics of environmental parameters
Most sections of the Pearl River Estuary were severely impacted,
especially in urban fluvial sections, which was mainly due to nutrient
pollution from the urban area. The markedly high concentrations of
NH4-N, TN, COD, TOC and low DO were observed in the water column of
urban fluvial sections, meanwhile, the sediments in those sections were
associated with high levels of organic carbon and organic matter. Ac
cording to the Environmental Quality Standards (classification: I-V) for
surface water (State Environmental Protection Administration of China,
2002) published by the Chinese government, the water quality of urban
fluvial sections is classified to class V, which suggests that water is
merely suitable for agricultural purposes and general landscape re
quirements, but not for the habitat of aquatic organisms or even for
general industrial utilization (Peng et al., 2017). This is also in accor
dance with previous findings that there were higher concentrations of
organic carbon and NH4-N in urban fluvial sections, which is related to
aerobic respiration and nitrification. Moreover, considerable spatial
variations in aerobic respiration and nitrification were recorded, with
respiration and nitrification rates falling along the estuarine gradient as
organic carbon and NH4-N concentrations (He et al., 2014; Lin et al.,
2016). Furthermore, the water and sediment in urban fluvial sections
were observed to be noticeably dark and murky, and even had an
offensively strong odour. Similar observations were found in the
industrialized and urbanized northwest estuary of India (Mulik et al.,
2017). To a great extent, it is probably due to the interaction between
surface runoff and tidal action, which carries a large amount of nutrients
and pollutants from the upstream rives such as Xijiang, Beijiang,
Dongjiang and Liuxi River ultimately converging in the estuarine area
under the effect of tide-induced upwelling (Dai et al., 2008; Li et al.,
2017; Li et al., 2019). By contrast, the low concentrations of nutrients,
high levels of salinity and DO were found in estuarine sections closing to
the mouth of the estuary. A plausible explanation is the upwelling of
seawater and the dilution of high concentrations of nutrients and
organic matter at the mouth of the estuary where it is a semi-open area
relative to the ocean.

4.2. Variations of macroinvertebrate communities and biotic indices
The spatio-temporal variation of macroinvertebrate communities
might be affected by the multiple stressors from different natural and
anthropogenic activities along the estuarine gradients (Hale et al., 2016;
Van der Linden et al., 2012; Veríssimo et al., 2013). The macro
invertebrate community of the Pearl River Estuary was characterized by
a typical estuarine environment, accompanied by the low biodiversity
and high abundance of the few species. The main spatial pattern was a
marked decrease of macroinvertebrate abundance along the environ
mental gradients, with preponderant species of oligochaetes in urban
fluvial sections and polychaetes in estuarine sections, which was
congruent with the findings reported by Wetzel et al. (2012) in a highly
polluted estuary. The relative abundance of taxonomic groups changed
slightly in urban fluvial sections, oligochaetes mainly dominated the
taxonomic groups with extremely high abundance, which might be
related to homogeneity in sediment composition and low-quality water
under the intense human activities and disturbance (Neto et al., 2010).
Noticeable changes in the macroinvertebrate community composition
were detected with species of polychaetes and crustaceans playing an
important role in these sections closing to the sea inlet, which was
probably due to the influence of marine incursions. Since salinity pref
erence is the important biological trait of macroinvertebrate community
affecting their distribution in the estuarine system (Van der Linden et al.,
2017; Vinagre et al., 2015).
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As for the biotic indices, no seasonal differences were found with
respect to individual biotic indices. AMBI, M-AMBI, BENTIX, H’, Δ*, Δ+
and Λ+ presented significant differences among sections. These
remarkable spatial differences along the estuarine gradient were corre
lated with environmental conditions, especially nutrients and salinity
concentrations. Furthermore, our results also indicated that the majority
of urban sections presented the low diversity of macroinvertebrate
community, which was probably mainly due to the degradation of the
environmental quality status. The water and sediment in these sections
were indeed seriously impacted, and nutrients and pollutants have
remained at a relatively high level for a long period (Dai et al., 2008; He
et al., 2014). The species traits and diversity of urban biological com
munities are filtered and structured by man-made homogeneous envi
ronments and represent a higher similarity comparing to surrounding
communities (Barnum et al., 2017; Pickett et al., 2011).
Regarding the assessment results of AMBI and BENTIX, ‘bad’ and
‘poor’ EcoQ status were characteristics of urban fluvial sections while
‘good’ EcoQ status was strongly associated with the estuarine sections.
The prevailing opportunistic species (e.g., Limnodrilus hoffmeisteri, Tu
bifex tubifex and Branchiura sowerbyi) belonging to EG V were extremely
dominant in the macroinvertebrate community of urban fluvial sections,
which also demonstrated that macroinvertebrate communities appear to
show a pronounced response to continual nutrient and organic enrich
ment (Borja et al., 2000). Similar assessment outcome was obtained
from Δ+, which to a certain extent supported the results of AMBI and
BENTIX. Whereas the ellipse plots assessment based on Δ+ and Λ+
revealed that urban fluvial and estuarine sections might be subjected to
different types of disturbances. The taxonomic distinctness indices have
been found to be highly sensitive to anthropogenic disturbances and can
effectively detect variations of natural environmental gradients (Clarke
& Warwick, 2001; Heino et al., 2007).
H’ had the worst assessment outcomes followed by M-AMBI and Wvalue, which were considered to be ‘poor’ or ‘bad’, ‘moderate’ or ‘poor’,
and ‘good’ or ‘moderate’, respectively. A large degree of this could be
resulted from habitat degradation due to eutrophication in the Pearl
River Estuary. Eutrophication and organic load can result in the disap
pearance of sensitive species of macroinvertebrate communities in the
aquatic environment, the proliferation of tolerant species, and a dra
matic loss of species diversity (Sundermann et al., 2015). M-AMBI is a
multivariate assessment approach integrating Shannon diversity, rich
ness and AMBI in the calculation process (Muxika et al., 2007). Our
study found that the spatial fluctuation patterns of H’ and M-AMBI were
basically the same and the ecological quality assessment results in the
estuarine sections were classified as ‘poor’ rather than ‘good’ from AMBI
and BENTIX. Borja et al. (2004) reported that the AMBI and BENTIX
indices were mainly dependent upon the ecological taxon composition
and relative abundance of ecological groups, limiting their application
in cases of extremely low biodiversity and species richness. W-values
response can be described as the emergence and dominance of oppor
tunistic species at disturbed locations, leading to changes in the distri
bution of species abundance and biomass (Chainho et al., 2007; Dauer
et al., 1993). In our case, oligochaetes, described as opportunistic spe
cies, dominated urban fluvial sections, and high taxonomic distinctness
was found in estuarine river sections. However, W-value index is
somewhat expected as it usually relates to the presence of higher
biomass species, which further limited the assessment of W-values.
Different ecological quality status assessments were obtained, which
overall indicated that urban fluvial sections of the Pearl River Estuary
were severely disturbed. Of all indices tested, AMBI, BENTIX and Δ+
performed better in distinguishing sections within the disturbance along
the estuarine gradient and presented a high consistency in assessment
performance. Integrating multiple indices for ecological quality assess
ment provides a more comprehensive and objective outcome, further
compensating for the weakness of single-index assessment, that is, low
effectiveness due to locally complex or peculiar environmental contexts
(Brauko et al., 2016; Chainho et al., 2007; Labrune et al., 2012; Mulik

et al., 2017; Wetzel et al., 2012).
4.3. Effects of environmental parameters on macroinvertebrate
communities and biotic indices
The establishment and survival of macroinvertebrate communities
mainly rely on their capacities and tolerances to cope with those pecu
liar environmental conditions, which is primarily driven by nutrients,
metal, habitats and hydrological factors (Carvalho et al., 2011; Dalu
et al., 2017; Dauvin et al., 2017; Van der Linden et al., 2012). Mean
while, many studies have also shown that conductivity or salinity played
an important role in affecting macroinvertebrate communities in estu
arine ecosystems, especially on the variations of community composi
tion and distribution (Veríssimo et al., 2017; Wetzel et al., 2012). In the
present study, macroinvertebrate communities abided by those varia
tions, clustering sections with similar assemblages by RDA, which
depicted the change of community composition along the environ
mental gradients of a subtropical estuary. Of estuarine sections, mac
roinvertebrate communities, comprised of Potamocorbula laevis,
Gammarus sp. Namalycastis abiuma, Nephtys polybranchia and Eteone
delta, were found to be notably different and depicted a greatly positive
correlation with salinity. That is, salinity preference probably becomes
the most important trait shifting these species toward the estuarine
sections, since these species are not able survive in the freshwater due to
the low toleration to osmotic stress (Arribas et al., 2019). Similar ob
servations were reported by Medeiros et al. (2012) in the sense that the
effects of salinity on macroinvertebrate communities, salinity as a prime
stressor could affect the spatial distribution of benthic organisms across
the tidal freshwater to brackish water (Hampel et al., 2009; Mulik et al.,
2017; Veríssimo et al., 2013). In opposition to estuarine sections,
eutrophication and hypoxia became the main driving factors shaping the
macroinvertebrate communities of urban fluvial sections, where the
water quality severely degraded due to the direct discharge of domestic
wastewater and industrial sewage from the city and surrounding towns
(Peng et al., 2020). Macroinvertebrate communities dominated by oli
gochaetes (e.g., Limnodrilus hoffmeisteri, Tubifex tubifex and Branchiura
sowerbyi), displayed a strongly positive correlation with these sections
characterised by high NH4-N, TN, COD, C%, TP and low DO. As previ
ously studied by Sang (1987), high abundance of oligochaetes in the
polluted areas with high levels of nutrients agreed with their opportu
nistic life strategy, high persistence and resilience, which could support
them to adapt to organically enriched environments and maintain the
high population density over a period of years (Arimoro et al., 2007;
Gamito, 2008; Souza et al., 2016).
Similar responses of macroinvertebrate-based indices to environ
mental parameters were found in the Pearl River Estuary. Δ*, Δ+, Δ,
BENTIX, % EG I, % EG II and % EG III showed a positive correlation with
high salinity and DO concentrations, while AMBI and % EG V were
positively correlated with COD, NH4-N, TN and C%. AMBI and BENTIX
indices classify ecological groups based upon the ecological strategies of
the species in terms of r (r-selected: species with short life-span, fast
growth, early maturation and high reproduction rates), k (k-selected:
species with relatively long life, slow growth, late maturation and low
reproduction rates) and T (stress tolerant: species not easily affected by
disturbances), and the degree of sensitivity/tolerance to an environ
mental stress (Borja et al., 2000; Simboura & Zenetos, 2002). Our results
revealed that higher concentrations of organic carbon and NH4-N in
urban fluvial sections, which is related to aerobic respiration and nitri
fication. Within this context, first-order opportunistic species (e.g.,
Limnodrilus hoffmeisteri and Tubifex tubifex) of EG V act as depositfeeders and are capable of proliferating in organic matter and
nutrient-enriched sediments. AMBI and BENTIX have been successfully
demonstrated to be relevant to a wide set of environmental impact
sources, such as eutrophication processes, diffuse pollutant inputs,
heavy metals and dredging processes (Borja et al., 2004; Simboura et al.,
2007).
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Nevertheless, some indices, such as H’, 1-λ’, d, J’, M-AMBI, W-value
and Λ+ did not show notable correlations with environmental parame
ters. The overall low species richness and diversity further resulted in
that M-AMBI and W-value did not show a clear tendency along the
estuarine environmental gradient. The performance of taxonomic di
versity indices (e.g., Δ, Δ* and Δ+) in the RDA was much better
comparing to traditional species diversity indices, with higher explained
variations. Plausibly, as taxonomic relatedness of species and genetic
distance are taken into account for taxonomic diversity indices (Heino
et al., 2007) and the species belonging to higher taxa will disappear
firstly from the disturbed area (Clarke & Warwick, 2001). In fact, sub
stantial evidence exists in this study to corroborate it, with most pollu
tion tolerant species of family Tubificidae in urban fluvial sections and
diversely sensitive taxa in estuarine sections. Furthermore, there are
many similar studies highlighting that taxonomic diversity indices are
considered to be a sensitive and robust measurement for assessing
ecological quality status (Bevilacqua et al., 2012; Vilmi et al., 2016).
Likewise, these findings strengthened the results of RDA for macro
invertebrate communities where highly polluted urban sections with
high nutrient levels were clearly separated from those high salinity
sections close to mouth of the estuary.
The explanatory power from water parameters (e.g., salinity, DO,
NH4-N, TN and COD) accounted for most of the total variations of
macroinvertebrate communities and biotic indices, comparing to sedi
ment parameters. Similarly, many previous studies have reported that
water quality gained more predictive and explanatory power of driving
the macroinvertebrate community composition and distribution (Berger
et al., 2017; Dalu et al., 2017; Sundermann et al., 2013; Wang & Tan,
2017). Nevertheless, the characteristics of the local habitat also play an
important role in shaping macroinvertebrate communities. For instance,
Von Bertrab et al. (2013) found that the chemical composition of fine
deposited sediment, especially the C/N ration, was able to effectively
alter the species composition and community structure. Similar findings
were reported by Sponseller et al. (2001), Stoll et al. (2016) and Graeber
et al. (2017), who depicted habitat structure and geomorphological
features strongly affected benthic communities and spatial distribution.
In our study, the variations of macroinvertebrate communities and bi
otic indices could be partly explained by sedimental parameters, how
ever, the explanatory variation could also be alternatively interpreted by
water parameters.

suggest further development of comprehensive bioassessment and
environmental management in a highly urbanized fluvial-estuarine
system.
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