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Eutrophication is a global issue associated with increasing anthropogenic activities.
Previous studies have mainly focused on nutrients and phytoplankton biomass in
some typical estuaries and bays along the Guangdong coast, while integrated
evaluations of eutrophication status based on ecological symptoms is still rare in
this area. To better understand the health of the Guangdong coastal waters, two
comprehensive methods including the Assessment of Estuarine Trophic Status
(ASSETS) and the Northwest Pacific Action Plan Common Procedure (NOWPAP
CP) were employed with slight modifications. The study area was divided into eight
coastal zones (Z1~Z8) based on multiple criteria including salinity, catchment range,
and administrative division. The results of the modified NOWPAP CP method
demonstrated a generally increasing trend in the degree and effects of nutrient
enrichment along the Guangdong coast in the past 30 years mainly due to the
increasing nutrients and chlorophyll a (Chl-a). The results of the modified ASSETS
method revealed that the water quality was between moderate and high for most
coastal zones during 2015-2018, with the highest score (0.83) in the northern part of
the Pearl River Estuary (PRE). However, the ecological symptoms showed
inconsistent spatial patterns with the water quality, being high or moderate high in
Z2 (including Zhanjiang Harbor and Leizhou Bay), Z4~Z5 (representing the northern
and southern parts of the PRE, respectively), and Z6 (containing Mirs Bay and Daya
Bay) for severe ecological symptoms, such as high levels of Chl-a, frequent harmful
algal blooms (HABs). Moreover, eutrophication in Z4~Z6 may further deteriorate due
to the increasing nutrient loads driven by growing economy and population.
Synthetically, Z2, Z4~Z6 were graded between poor and bad for the overall
eutrophication conditions (OEC), while Z1 (including the western and southern
parts of the Leizhou Peninsula) and Z7 (consisting of Honghai Bay and Jieshi Bay)
had a good OEC. The application of the modified ASSETS method effectively
identified areas of severe eutrophication problems and the prospect of nutrient
load along the Guangdong coast. The assessment results revealed the
spatiotemporal variations and potential trends in the eutrophication status,
providing scientific basis for the coastal management related to nutrient problems.
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1 Introduction

Coastal eutrophication has been considered one of the greatest
threats to coastal ecosystem health in recent decades, as various
anthropogenic activities have substantially increased nutrient
inputs to coastal areas and caused undesirable effects, such as
algal blooms, depleted dissolved oxygen (DO), coastal
acidification, and loss of submerged aquatic vegetation and
benthic fauna, thereby exacerbating coastal ecosystem degradation
(Diaz and Rosenberg, 2001; Breitburg et al., 2018; Wang et al., 2018;
Malone and Newton, 2020). The evaluation of eutrophication status
is an important tool for effective management concerned with
nutrient enrichment issues. Early studies mainly paid attention to
nutrient concentrations and compositions in water bodies. Methods
based on the nutrients have been widely used in Chinese coastal
waters, including the eutrophication index (EI) method (Zou et al.,
1983; Niu et al., 2020), the nutrient quality index (NQI) method
(Peng and Wang, 1991), the potential eutrophication assessment
(PEA) method (Guo et al., 1998) and the fuzzy evaluation method
(Xiong and Chen, 1993; He and Yuan, 2007). However, it has
recently been agreed upon that nutrient concentrations may not
accurately reflect the eutrophication conditions of water bodies.
Because coastal ecosystems are also influenced by other factors,
such as light limitation due to turbidity, hydrodynamic conditions,
runoff input, and precipitation (Cloern, 2001; Bricker et al., 2003;
Sinha et al., 2017; Xu et al., 2019). As a result, the magnitude of
ecological impact on nutrient enrichment varies widely across
different coastal ecosystems. A comprehensive approach based on
multiple indicators is therefore essential to understand the extent
and ecological effects of nutrient enrichment.

Several integrated assessment methodologies based on
ecological symptoms have been developed and successfully
applied worldwide in recent years, including the ASSETS (Bricker
et al, 2003), the OSPAR comprehensive procedure (OSPAR
COMP) (OSPAR Commission, 2003), the HELCOM
eutrophication assessment tool (HEAT) (Andersen et al, 2011),
and NOWPAP CP (NOWPAP CEARAC, 2011). These methods are
different in definitions and application, but all use key indicators for
evaluating eutrophication status, such as phytoplankton biomass,
DO, frequency of HABs and fish kills incident, and changes in
aquatic community structure (Devlin et al., 2011). The ASSETS
method has been proven to be a scientific and practical method for
eutrophication assessment and has been applied in 141 US water
bodies and many other countries (Bricker et al., 2003; Borja et al.,
2008; Devlin et al, 2011). In China, it has been applied in the
Yangtze River estuary, the Bohai Sea, Jiaozhou Bay, and Xiamen Bay
with some methodology modifications according to the regional
coastal environments (Wu et al., 2013; Wu et al., 2019; Luo et al,,
2022). The NOWPAP CP method has advantages in providing
more details of ecological symptoms and showing long-term
changes of the indicators, which has been used in the Jiaozhou
Bay assessment (Wu et al., 2019).

The Guangdong coastal area is one of the most developed
regions in China, which has received a lot of nutrients due to
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massive economic growth, urban development, and population
aggregation in recent decades (Liu et al, 2009; Qu and Kroeze,
20105 Strokal et al., 2014; Wang et al., 2018). Eutrophication
problems have been reported in many estuaries and bays along
the Guangdong coast (Huang et al., 2003; Han et al., 2012; Wang
et al., 2018). Algal blooms have occurred about 10 times per year
along the Guangdong coast (DOF (Department of Ocean and
Fisheries of Guangdong Province), 2015-2017). The increasing
eutrophication and associated seasonal hypoxia problems in the
PRE and adjacent areas have attracted widespread attention from
academics and the public (Huang et al., 2003; Qi et al., 2004; Wang
et al,, 2007; Yin and Harrison, 2007; Wang et al., 2008; Wang et al.,
2011; Han et al., 2012; Li et al., 2014). Nevertheless, previous studies
have mainly focused on the characterization of nutrient and
phytoplankton biomass, with a lack of comprehensive evaluations
based on different ecological effects of nutrient enrichment.
Knowledge about the overall eutrophication condition of the
study area, containing the major pressure, state and future
perspective, remains indeterminate.

To fill this gap, this study employed two comprehensive
methods, including the ASSETS and NOWPAP CP methods, to
assess the eutrophication status of the Guangdong coastal waters.
The indicators and their thresholds used in the assessment were
modified to accommodate the relative sensitivity of local systems to
nutrient-related degradation. Trends of nutrient load, which was
based on the major drivers in watersheds, were considered in the
ASSETS assessment to provide a view on the future outlook of
nutrient pressures and potential impacts. The present study aimed
to: (1) explore an appropriate technique to comprehensively
illustrate the impacts of nutrient enrichment on the Guangdong
coastal waters; (2) investigate the variations in eutrophication status
and causative factors between different coastal zones; (3) anticipate
the future outlook of eutrophication and provide implications for
targeted management.

2 Materials and methods

2.1 Study area

The Guangdong coast is located in the north of the South China
Sea (Figure 1). The Pearl River, the largest river discharging into the
northern part of the South China Sea, transports a large amount of
freshwater (~3.1 x 10'! m*/a) and sediment (~6.4 x 10 t/a). Nearly
80% of the river discharge occurs during the wet season from April to
September. Previous studies have shown that the diluted waters of
the Pearl River play an important role in carrying nutrients to the
Guangdong coast (Huang et al., 2003; Lu et al,, 2009). The
complicated hydrodynamic conditions also contribute to nutrient
transportation, which are controlled by coastal currents, seasonally
reversed winds, and upwelling (Niino and Emery, 1961; Bao et al,
2005; Gu et al,, 2012; Shu et al., 2018; Lao et al., 2019). According to
the differences in geography, environment, and socioeconomic
conditions, the Guangdong coast is usually divided into three
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FIGURE 1

Geographical location and subdivisions of the study area along the Guangdong coast.

regions: the PRE, the western and eastern parts of Guangdong
Province. In this study, it was divided into eight coastal zones
(Z1~Z8) to better understand the spatial variations in water quality
and their potential influencing factors (Figure 1). A coastal zone,
which was mainly identified by the catchment range and
administrative borders of relevant counties, usually consisted of
several adjacent estuaries and bays. Moreover, the PRE was divided
into two subdivisions (Z4~Z5) based on salinity and depth to
distinguish the characteristics between the upper and lower reaches
of the estuary. Accordingly, the land area of Guangdong Province was
divided into seven subregions (W1~W3, PRB, and E1~E3). There are
significant differences in salinity, runoff, population and economy
between different zones (Table 1). The Pearl River Basin has a large
land area and dense population, which encompass major population
centers including Guangzhou City, Shenzhen City, Dongguan City,
Foshan City and Zhuhai City. Besides, these areas are industrial,
economic and cultural centers of Guangdong Province. The
watersheds in the western and eastern coastal zones were
characterized by intensified agricultural activities.

TABLE 1 Characteristics of the subdivisions of the Guangdong coast.

2.2 Data description

Water quality and ecological data was collected from the
estuarine and marine environment monitoring network to assess
the eutrophication status of the Guangdong coastal waters between
2015 and 2018 (Figure 2). The monitoring data was obtained from
the routine monitoring program of water quality in Guangdong
Province, which was conducted by the Department of Ocean and
Fisheries of Guangdong Province (DOF) and the Department of
Ecology and Environment of Guangdong Province (DEE). Water
samples of dissolved inorganic nitrogen (DIN), dissolved inorganic
phosphorus (DIP), chemical oxygen demand (COD), Chl-a, and
dissolved oxygen (DO) were obtained from more than 300 sampling
sites along the Guangdong coast. The majority of sampling stations
had a depth less than 20 m, and sampling stations in estuaries and
bays were more intensive than those in the open sea. The survey was
usually taken during spring (March to May), summer (July to
August), and autumn (September to November), with a survey
frequency of three to four times annually. The collection, storage,

Coastal o Annual average Population/ GDP/ . .
Coastal Salinity/ 9 Land P 4 8 Major estuaries
area/ runoff/ 2 x10 x10
zone 2 PSU 8. 3 area/km and bays
km x10° m persons yuan
z1 6645 29.1 48.99 W1/6701 270.4 749.4 Anpu Harbor, Liusha Bay
Western | 72 4025 251 119.7 W2/15759 8813 4333 Zhanjiang Harbor,
Leizhou Bay
coast
73 4973 249 106.5 W3/13474 4983 2208 Shuidong Harbor,
Hailing Bay
Z4 548 4.29 Northern part of the PRE
PRE 3132 PRB/108178 8330 79148
z5 4328 18.0 Southern part of the PRE
76 1120 31.5 0.18 E1/4191 173.3 2092 Mirs Bay, Daya Bay
Eastern 77 2460 31.0 56.51 E2/4865 271.8 983.2 Honghai Bay, Jieshi Bay
coast
Shantou Harbor,
78 2277 28.8 383.5 E3/26476 1773 6390 i
Zhelin Bay

The salinity for each zone was averaged during 2015-2018. Population and GDP for each zone were averaged during 2015-2020.
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FIGURE 2
Map of the Guangdong coast and the sampling stations in this study.

and analysis of water samples had complied with China’s national
standard specifications for marine monitoring (SAQSIQ (State
Administration of Quality Supervision, Inspection and
Quarantine, China), and SSA (State Standardization
Administration, China), 2007a; SAQSIQ (State Administration of
Quality Supervision, Inspection and Quarantine, China), and SSA
(State Standardization Administration, China), 2007b; SAQSIQ
(State Administration of Quality Supervision, Inspection and
Quarantine, China), and SSA (State Standardization
Administration, China), 2007c). Finally, between 2015 and 2018,
over 4700 data points for nutrients, COD, and DO, and more than
3600 data points for Chl-a were collected. The spatial and temporal
variations of the monitoring data are shown in Figures S1, S2. The
annual average and standard deviation of the main parameters are
shown in Table SI.

Data of HABs was obtained from the Bulletin of Marine
Environmental Quality of Guangdong Province (http://
gdee.gd.gov.cn/hjzkgb/index.html), Bulletin of Guangdong Marine
Disaster (http://nr.gd.gov.cn/zwgknew/sjfb/tjsj/), and China Ocean
Yearbook (http://cnkinbstinet/csydmirror). The socioeconomic
statistics data was collected from the Guangdong Statistical
Yearbook (http://stats.gd.gov.cn/gdtjnj). The annual runoff and
precipitation data was collected from the Guangdong Water
Resources Bulletin (http://slt.gd.gov.cn/szygb). The main sources
of the data used in this study are shown in Table S2.

2.3 Methods

2.3.1 Modified ASSETS method

The ASSETS method is derived from the National Estuarine
Eutrophication Assessment (NEEA) conducted by the U.S. National
Oceanic and Atmospheric Administration (NOAA) for evaluating
both current eutrophic conditions and the effectiveness of
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management actions aimed at reducing eutrophic conditions
(Bricker et al., 2003; Scavia and Bricker, 2006; Bricker et al.,
2008). It has been developed and applied in coastal waters of the
US, Europe, Australia, and China. This study adapted the pressure-
state-response framework derived from the original ASSETS
application (Bricker et al, 2003), and learned from the recent
modifications described in the eutrophication assessment of the
southwest Bohai Sea (Wu et al., 2013). The overall eutrophication
condition (OEC) was determined by three component parts: water
quality (WQ, pressure), ecological symptoms (ES, state), and future
outlook of nutrient load (FO, response). The indicators and
thresholds were modified to accommodate the relative sensitivity
of local areas to nutrient-related degradation.

2.3.1.1 Indicators and thresholds of WQ and ES
The WQ indicators included DIN, DIP, and COD, with
thresholds designed according to China’s national seawater
quality standard (SAEP (State Administration of Environmental
Protection, China), 1997) and previous studies (Zou et al., 1983;
Guo et al, 1998). High Chl-a concentration and phytoplankton
abundance were considered the primary ecological symptoms,
while low DO and occurrence of HABs were considered the
secondary symptoms. Their thresholds were determined based on
previous studies and relevant technological standards (Zou et al.,
1983; SAEP (State Administration of Environmental Protection,
China), 1997; CEC (Council of European Communities), 2000;
Bricker et al., 2003; OSPAR Commission, 2003; Wu et al., 2013).
Details of the classification and thresholds are shown in Table 2.

2.3.1.2 Evaluation of FO

Changes in the main drivers of coastal eutrophication were used
to access FO. Previous studies revealed that riverine discharge and
atmospheric deposition contributed significantly to coastal
eutrophication (Howarth, 2008; Liu et al., 2009; Jickells et al,

frontiersin.org
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TABLE 2 Classifications and thresholds of indicators for the two methods.

Modified ASSETS method

10.3389/fmars.2023.1280821

Modified NOWPAP

CP method
Indicator 2 3 4 Reference
Moderatel Moderatel
Y Moderate : Yy
low high
DIN/mg-L'l <0.2 >0.2, 0.3 >0.3, <0.4 >0.4, 0.5 >0.5 <0.3 >0.3
50,003 (SAEP (State Administration of
DIP/mg~L'1 <0.015 >0.015, <0.03 <0'045’ >0.045 <0.03 >0.03 Environmental Protection,
- China), 1997)
COD/mgL™" <2 >2,<3 >3, <4 >4, <5 <3 >3
DIN/DIP NC <16 >16 (Redfield, 1963)
Maximum
< 20; Maxi >20;
Chl-a/ugL" <5 55, <10 10, €20 520 aximum (Bricker et al., 2003)
Average Average>10
<10
Phytoplankton (Zou et al., 1983; CEC (Council
abundance/ <10° >10°, <10* >10% <10° >10° NC of European Communities),
cells-L! 2000; Bricker et al., 2003)
(SAEP (State Administration of
Means5 M <5 Environmental Protection,
ean>5; ean < 5; .
DO/mg‘L'1 >6 >5, <6 >4, <5 >2, <4 <2 China) 1997; Bricker et al.,
Bottom>2 Bottom < 2
2003; OSPAR
Commission, 2003)
Diatom/
dinoflagellate <1 (per >1(per
and other Determined by the affected area, number of incident and duration in a 3 years) 3 years)
species bloom logi .
ogical matrix
NOWPAP CEARAC, 2011;
Noctiluca <3 (per >3(per ( ) i ) o
species bloom 3 years) 3 years) NSA (National Standardization
P ¥ Y Administration, China), 2014)
fish kill/
shellfish NG <1 (per >1(per
poisoning 3 years) 3 years)
incident
Fut tlook
0;1 e Improve Improve low No change Worsen low Worsen Decrease Increase (Bricker et al, 2003 NOWPAP
) high P & high CEARAGC, 2011)
nutrient load

NC indicates that the indicator was not considered as part of the assessment.

2017). According to the Bulletin of the Second National Census on
the Sources of Pollution of Guangdong (http://gdee.gd.gov.cn/
wrygzdt/content/post_3100417.html), population and agriculture
accounted for approximately 97.8% of total nitrogen (TN)
discharge from water pollutants (Figure S3), while mobile
(including automobile and non-road mobile sources) pollution
and industrial pollution were the major sources of nitrogen
oxides from air pollutants. Agricultural non-point source
pollution of TN was mainly attributed to chemical fertilizers and
livestock farming, while livestock farming and aquaculture were the
main sources of TP pollution (Ge et al., 2022). To capture trends of
the major drivers that might significantly impact nutrient inputs,
five indicators were selected for evaluation, including population
(PO), value-added of industry (IN), consumption of chemical
fertilizer (CF), output of meat (OM), and aquatic products (AP).
The Spearman correlation coefficient was used to analyze the trends
of the main drivers during 2015-2020. The final assessment was
based on the synthetic analysis of the historical presentation and
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prospects of the five indicators according to statistics and relevant
development planning.

2.3.1.3 Evaluation procedure and
calculation method

To provide a consistent spatial framework for information
collection, a physical subdivision of the water body was made
using salinity (Bricker et al., 2003). In this study, the Guangdong
coast was divided into eight zones based on the multiple criteria,
including salinity, depth, catchment range, administrative division,
and sampling sites. No further subdivisions were made as most
sampling sites in the PRE were in the mixing zone (salinity between
0.5-25 PSU) and the majority of other coastal zones were in the
seawater zone (salinity above 25 PSU). The concentration for
assessment was calculated through a percentile-based approach
(10™ percentile for DO and 90" percentile for the other
indicators) to avoid extremely high or low values. The indicator
scores were determined by combining concentration, spatial

frontiersin.org
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coverage, frequency of occurrence, affected area, and duration (for
HABs) through a logical decision process. In order to fully reflect the
severity of HABs, algal blooms had been sorted into nuisance blooms
and toxic blooms due to their relative ecological effects (Shen, 2001;
Bricker et al., 2003; NSA (National Standardization Administration,
China), 2014). Problem conditions for toxic blooms resulted from
the production of toxin by the organism, causing mortality or
shellfish-vectored poisoning of humans. Problem conditions for
nuisance blooms referred to other adverse impacts including
physiological damage to marine organisms, and die-offs of farmed
fish and cultivated shellfish which could lead to financial losses in
aquaculture. Moreover, each category of algal blooms was divided
into several classifications according to the scope of affected area
(NSA (National Standardization Administration, China), 2014). The
WAQ ratings and primary ecological symptoms ratings were averaged,
while the worst secondary symptoms rating was selected in a
precautionary approach. The WQ expression was classified into
five levels. The ES rating was determined by combining the
primary and secondary symptoms in a matrix, giving more weight
to the secondary symptoms. Detailed calculation procedures were
shown in the application of the Bohai Sea (Wu et al,, 2013). The
modifications in the Chl-a and DO evaluation processes are shown
in Tables S3, S4. The OEC rating was determined by combining WQ,
ES, and FO through 125 possible combinations (Table 3) that fell
into one of five grades: 1 (excellent), 2 (good), 3 (moderate), 4 (poor),
and 5 (bad).

2.3.2 Modified NOWPAP CP method

The NOWPAP CP method was developed to assess the
eutrophication status in the NOWPAP region (NOWPAP
CEARAC, 2011). It was separated into two steps, the same as
OSPAR CP: the screening procedure was used to preliminarily

10.3389/fmars.2023.1280821

assess eutrophication by detecting symptoms of eutrophication
within minimum parameters (nutrients inputs, red tide event
frequencies, and Chl-a), and the comprehensive procedure was
used to assess the status and possible causes of eutrophication. The
comprehensive procedure required the collection of information
and data in line with the following four categories of parameters
considering the degree and effects of nutrient enrichment: (I)
degree, including DIN and DIP concentrations and their molar
mass proportion; (II) direct effects, including Chl-a concentration
and HABs, except for Noctiluca species blooms; (IIT) indirect
effects, including DO and COD concentrations and fish kill
events; and (IV) other possible effects, including Noctiluca species
blooms and shellfish poisoning incidents. The indicators were
assessed by classification (high or low) and trends (increasing,
decreasing, or no change). The eutrophication status was
classified into one of six categories: High-Increase (HI); High-No
Trend (HN); High-Decrease (HD); Low-Increase (LI); Low-No
Trend (LN); and Low-Decrease (LD). The eutrophication level of
DO was determined in reverse to other parameters. For example, it
was rated as “LD” when the DO values were above the reference
value and showed an increasing trend and “HI” when they were
below the reference value and had a decreasing trend.

In this study, most indicators and reference values conformed to
those used in the Jiaozhou Bay assessment (Wu et al., 2019). In
addition, slight modifications were made to accommodate local
environmental characteristics and facilitate comparison with the
ASSETS method as follows: (1) the riverine nutrient load based on
the major drivers in the watershed was used instead of the riverine
DIN concentration; (2) the surface DO concentration was replaced
by the mean DO concentration; and (3) the threshold of the mean
Chl-a concentration was increased from 5 pg/L to 10 pg/L. Details
are shown in Table 2. The three-year moving average method was

TABLE 3 Aggregation of pressure (WQ), state (ES) and response (FO) components into an overall eutrophication condition category.

Grade 1 Excellent 2 Good 3 Moderate 4 Poor 5 Bad
Pressure (WQ) Low ‘ Moderately low ‘ Moderate Moderately high High
State . .
(ES) Low Moderately low Moderate Moderately high High
Response (FO) Improve high ‘ Improve low ‘ No change Worsen low Worsen high
Metric Combination matrix Class
P 1 Excellent
S 1112 2 2
111111
123123
P 2 Good
S 111111122 222333333444
1122222112221 11222111
R 4 5123 4545 123123123123
P 3 Moderate
S 1 11 1 1 1 1 1 1122222223333 33 344444444 444555555555°35
33333444442 2333331122333112222233341111122233
R 1234512345451 234545451 2345123451231 1234512312
P 4 Poor
S 1111122222222 22333333344 4444555557575
55555 444445555533 4444 43344 442233344
R 123 451234512345 45 1234545 23454534512
P 5 Bad
S 33333 4444455550515 7575
55555555505 4445050555
R 1234512345345 123475
Frontiers in Marine Science 06 frontiersin.org
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used to calculate algal bloom incidences. In addition, changes in
typical estuaries and bays were used to represent the trends of
coastal zones due to insufficient long-term monitoring data for all
sampling sites. The long-term trends of HABs were identified using
the nonparametric Mann-Kendall test (Salmi et al., 2002) with
long-term observation from 2001 to 2020. Changes in the other
indicators were analyzed by comparison with reference conditions
in the 1990s obtained from related reports and previous studies
(Editorial Board of China Bay Survey, 1998a; Editorial Board of
China Bay Survey, 1998b; Editorial Board of China Bay Survey,
1999; Du et al,, 2003; He and Yuan, 2007; Huang et al., 2010; EPD
(Environmental Protection Department of the Hong Kong Special
Administrative Region), 2020; Hu et al., 2021; Zhang et al., 2022). A
deviation greater than 50% from the reference value was considered
an upward or downward trend. The assessment rating for each
category was determined by selecting the most representative status
of indicators.

3 Results
3.1 Results of the modified ASSETS method

3.1.1 Expression of water quality and
ecological symptoms

The relative proportions of WQ (Figure 3) classification as
good, moderate, poor, and bad were as follows: 4%, 35%, 59%, and
2%, respectively. High or moderately high levels of WQ were
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widespread along the Guangdong coast due to high
concentrations of DIN and DIP, showing the highest score (0.83)
in Z4. A moderately low level (graded good) of WQ appeared in Z6
with the lowest score of 0.25. The annual variation in WQ showed
an improvement in the study area from 2015 to 2018 (Figures 4, 5)
because the relative proportions of water bodies as excellent and
good increased from 4% to 39%.

The ES ratings for the Guangdong coast are shown in Figure 3, of
which 53% had a moderately low ES, 9% were moderate, 32% were
moderately high, and 6% had a high ES. The scores of the eight zones
for the primary symptoms were between moderate and high, revealing
high levels of Chl-a biomass. High levels of secondary symptoms were
mostly confined to Z4 and Z6 due to the distinct low-oxygen
conditions in the bottom waters. Z2 and Z5 had a moderate rating
for secondary symptoms mainly because of the periodic occurrence of
nuisance algal blooms. As a result, the final ES ratings were graded bad
for Z4 and Z6, followed by Z2 and Z5, which had a poor grade. The
annual variation in ES (Figures 4, 5) showed opposite trends in the
study area during 2015-2018, as the relative proportions of excellent
and good increased from 43% to 59%, while that of bad increased from
6% to 23%. Notable enhancements in ES were seen in the western part
of Guangdong Province, such as Z1 and Z3, whereas degradation was
seen in the eastern part.

The application of the percentile-based approach for ES
assessment was illustrated for Chl-a and DO (Figure 6) using data
from the PRE between 2015 and 2018. The 90™ percentile Chl-a in
the northern part of the PRE (Z4) was more than twice as high as that
in the southern part of the PRE (Z5), both exceeding the threshold
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(10 pg/L). The 10™ percentile DO was lower than 3 mg/L with a
coverage rate of 100% for Z4, while it was periodically close to 4 mg/L
with a coverage rate of 55% for Z5, indicating more severe hypoxic
conditions for Z4. HABs occurred twice a year in the PRE, with an
affected area of less than 100 km* and durations between 4 and 13
days. These symptoms resulted in a poor ecological condition in the
PRE, rating moderately high in the south and high in the north.

3.1.2 Trends of nutrient load

Spearman correlation coefficient analysis revealed that PO and
IN increased significantly (p<0.01) in the study area, while CF
showed a decreasing trend (p<0.01). Moreover, OM and AP showed
no obvious change. Significant spatial variations in these indicators
(Figure S4) existed among different coastal areas due to the regional
imbalance of development. The final FO grade based on the trend
analysis of the five major drivers for each zone is shown in Table S5.
The results demonstrated that nutrient loads for Z4~Z6 might
continue to increase due to the growing economy and population.
The nutrient loads for Z8 might decrease due to the distinct declines
in PO, CF and OM. The other coastal zones might have no obvious
changes in nutrient discharge.

3.1.3 Synthesis of the overall
eutrophication condition

The OEC ratings for the eight coastal zones were between good
and bad (Figure 3), showing higher ratings in Z2, Z4, Z5 and Z6

10°E. 12 N4

10.3389/fmars.2023.1280821

(graded bad for Z4 and poor for the other zones). Lower ratings of
OEC were shown in Z1 and Z7 (both graded good). The relative
proportions of OEC classification as good, moderate, poor, and bad
were as follows: 35%, 27%, 36%, and 2%, respectively. The results
indicated the most severe eutrophication problems were in the PRE,
showing high OEC in the north and moderately high OEC in the
south. The eastern and western parts of Guangdong Province
presented a similar proportion of OEC, placing most zones in the
good and moderate categories.

3.2 Results of the modified
NOWPAP method

3.2.1 Status ratings for each category

The degree of nutrient enrichment (Category I) between 2015
and 2018 was at a high level, as determined by high concentrations
of DIN for most coastal zones except Z1, Z6, and Z7 (Table 4).
Coastal zones with high ratings for Category I also presented a high
level of direct effects (Category II), mainly because their annual
maximum Chl-a concentrations exceeded the threshold. In
addition, the direct effects were graded high for Z6 and Z7 due to
the high level of dinoflagellate and other species blooms. The DO
and COD concentrations were at low levels for the study area, while
a high rating of Noctiluca species blooms was confined only in Z6.
Fish kills and shellfish poisoning incidents have rarely been
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reported in the study area in recent years, thereby gaining a low
rating in the assessment. As a result, the indirect effects (Category
III) and other possible effects (Category IV) were graded low for all
zones except Z6, which had a high Category IV rating. In summary,
most coastal zones were considered eutrophication problem areas
with a high rating for at least one category except Z1, which was the
only zone graded low for all four categories.

3.2.2 Long-term trends analysis

Increasing DIN and DIP were observed in many estuaries and
bays along the Guangdong coast since the 1990s Figures 7A, C and
D. As a result, most zones were classified as increase in Category I
except Z8, which had no apparent change in DIN concentration.
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Category II also demonstrated an increasing trend in the PRE and
eastern areas (including Z6, Z7 and Z8) mainly due to the
enhancement of Chl-a in these areas over the past 30 years. Low-
oxygen problems in the PRE and Mirs Bay have become
increasingly severe as identified through long-term observations,
resulting in an increasing trend in Category III for Z4, Z5 and Z6.
Nevertheless, changes in Chl-a and DO on the west coast of
Guangdong Province remained unclear due to insufficient data.
Only a few studies provided the evidence of increasing COD in
some typical bays, contributing to a rise in Category III for the
western zones (including Z1, Z2 and Z3).

The incidence and affected area of algal blooms had decreased
significantly (p<0.05) during 2001-2020 based on the Mann-
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TABLE 4 Eutrophication status for coastal zones by different methods.

Grade of modified ASSEST method

Coastal zone

10.3389/fmars.2023.1280821

Grade of modified NOWPAP CP method

wa ES FO OEC | Il ] \%

71 3/M 2/ML 3/N 2/Good LI LN LI LN

Western part of Guangdong Province 72 4/MH 4/MH 3/N 4/Poor HI HN LI LN
Z3 4/MH 2/ML 3/N 3/Moderate HI HN LI LN

Z4 5/H 5/H 4/WL 5/Bad HI HI LI LN

PRE

z5 4/MH 4/MH 4/WL 4/Poor HI HI LI LI

76 2/ML 5/H 4/WL 4/Poor LI HI LI HN

Eastern part of Guangdong Province 77 3/M 2/ML 3/N 2/Good LI HI LN LN
Z8 4/MH 3/M 2/IL 3/Moderate HN HI LN LN

WQ, Water quality; ES, Ecological symptoms; FO, Future outlook of nutrient loads; OEC, Overall eutrophication condition; H, High; M, Moderate; MH, Moderately high; ML, Moderately low;
N, No change; IL, Improve low; WL, Worsen low; HI, High and increase; HD, High and decrease; HN, High and no change; LI, Low and increase; LD, Low and decrease; LN, Low and no change.

Kendall test (Table S6). The decline was mainly due to reductions in
the occurrence of diatom and chromophyta species blooms.
Significant increases were observed in Z7 (diatom species) and Z5
(Noctiluca species), while noticeable decreases were identified in Z5
(diatom species), Z6 (dinoflagellate and other species) and Z8
(dinoflagellate and other species). In addition, noticeable increases
were observed in the affected area and duration of HABs for Z3,
despite the incidence of HABs had no statistically significant
change. Besides, incidences of fish kills and shellfish poisoning
were uncommon during the last 20 years. Therefore, there was no
obvious change in Category IV for most zones in the long-term
analysis, with the exception of Z5.
The results for the four categories are shown in Table 4.

4 Discussion

4.1 Comparison of the overall
eutrophication status between the
two methods

Despite differences in methodologies, both the ASSETS and the
NOWPAP CP methods showed a consistently low rating for Z1I,
indicating good status was achieved in this area. In addition, both
approaches identified the poor situation for Z2, Z4, Z5 and Z6,
indicating the emergence of strong management intervention in
these areas. However, the assessment results for the other coastal
zones were quite different between the two methods. Z7 was
assessed as good by the ASSETS method, while it was identified
as a problem area with a high level of dinoflagellate and other
species bloom incidence using the NOWPAP CP method.
Moreover, Z3 and Z8 were graded as moderate by the ASSETS
method, whereas they were both high in categories I and II using the
NOWPAP CP method. The findings of Z3, Z7 and Z8 revealed that
despite high levels of nutrients and Chl-a were detected, there was
no evidence of significant secondary ecological symptoms (indirect
effects) in these areas. Nevertheless, suggestions were made to
reduce land-based nutrient inputs and develop environmental
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monitoring plans in order to improve the eutrophication status of
these areas. The comparisons of the two assessment results are
shown in Table 4.

Detailed information from the application of the two methods is
shown for Z5 (Table 5) to illustrate the differences in the assessment
outputs. Both approaches indicated high levels of nutrient
concentrations in this zone, however, significant differences
mainly came from the evaluation of ecological effects. The 90"
percentile Chl-a concentration with a spatial coverage greater than
50% and a periodic occurrence by the ASSETS method resulted in a
high score (0.75) for the assessment of primary ecological
symptoms. In comparison, the maximum and average
concentrations of Chl-a were classified as high and low,
respectively, by the NOWPAP CP method. Similar results were
reported by previous studies (Huang et al., 2004; Qiu et al., 2010; Lu
and Gan, 2015) in which Chl-a maxima occurred distinctly in
particular places and changed seasonally instead of a persistent
phytoplankton bloom occurring over the entire estuary. The 10
percentile DO concentration was lower than 5 mg/L periodically,
with a coverage rate of 55% using the ASSETS method, indicating
the presence of low-oxygen conditions. In contrast, the NOWPAP
CP result showed a low DO level using the average value; however,
this approach might underestimate the severity of hypoxia in this
area (Yin et al., 2004; Zhang and Li, 2010; Qian et al., 2018; Hu et al.,
2021). The periodic occurrence of small-scale nuisance algal blooms
resulted in a moderate rating for HABs by the ASSETS method. The
ratings of diatom species blooms, Noctiluca species blooms, and
other species blooms for the NOWPAP CP method were classified
as LD, LI, and HN, respectively, revealing the high risk of
chromophyta species blooms and an early warning of increasing
Noctiluca species blooms. In summary, the combination of high
nutrients, high Chl-a biomass, periodic occurrence of HABs, and
the presence of hypoxia contributed to a moderately high (poor)
rating of OEC in Z5 based on the ASSETS approach. In contrast, the
degree and direct effects of nutrient enrichment were classified as
high, while the indirect and other effects were recognized as low,
and all categories showed an increasing trend using the NOWPAP
CP method.

frontiersin.org


https://doi.org/10.3389/fmars.2023.1280821
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhou and Wang

10.3389/fmars.2023.1280821

TABLE 5 Final outcomes for the southern part of the PRE (Z5) from application of two methods to data during 2015-2018.

ASSETS NOWPAP CP
Element Indicator
Spa.  Freq. Status Trend Rating
Nutrient loads N/A Worsen N/A I I
low
DIN 2.17 mg/L 95% PS 1/High 1.13 mg/L High 1 HI
DIP 0.106 L 599 P 1/Hi 0.065 L High N HN
Physicochemistry mg/ o s /High mg/ &
DIN/DIP NC 102 High I HI
0.25/
COD 2.38 mg/L 50% PS Moderately 1.54 mg/L Low I LI
low
Maximum: 57.0
. mg/L; Maximum: High;
hl- 11.41 L % PD .75/High I HI
Chl-a v/ 9% 075/Hig Average: 5.32 Average: Low
mg/L
Phytoplankton
NA NC
cell abundance
2 times 0.5/
HAB km? PD Ni
Phytoplankton s per year <500 Moderate ¢
l?latom NC 0.8 times per Low D LD
species blooms 3 years
Noctil 2.3t
'oc iluca NC imes per Low L U
species blooms 3 years
3.8 ti
Other species blooms NC tmes per High N HN
3 years
Zoobenthos kills/
Fish kills NC None reported Low N LN
Other Mean: 6.83
0.5/ mgL’;
DO 4.16 L 55% PD L I LI
mg/ ’ Moderate Bottom: 4.69 ow
mgL™"
Rating of causative factors WQ: 4 Moderately high Category I: HI
Rating of ecological symptoms/effects PES: High; SES: Moderate; ES: 4 Moderately high Category II: HI; Category III: LI; Category IV: LI
Final 'ass.essment Of OEC: 4 Poor No final integration
Eutrophication condition

Val,, Value; Spa., Spatial coverage; Freq., Frequency; PES, Primary ecological symptoms; SES, Secondary ecological symptoms; PS, Persistent; PD, Periodic; I, Increasing; D, Decreasing; N, No
change; HI, High and increase; HN, High and no change; LI, Low and increase; LD, Low and decrease; LN, Low and no change; NC, Not considered as part of the assessment; NA, Not applicable.

By comparing the results between the two approaches, the
modified ASSETS method is recommended as a scientific and
practical approach to more accurately and comprehensively reveal
the status and regional distribution of eutrophication in the
Guangdong coastal waters. In addition, the long-term trend
analysis by the NOWPAP CP method helps to better understand
the changes in coastal zones and their main drivers.

4.2 Spatial variations and possible causes
of eutrophication
4.2.1 Water quality and the main drivers

This study revealed high levels of water quality for most coastal
areas (Figure 3), such as the PRE, Zhanjiang Harbor, Leizhou Bay,

Frontiers in Marine Science

Shantou Harbor, which agreed with previous studies (Yin and
Harrison, 2008; Lu et al, 2009; Zhang et al, 2016; Lao et al,
2019). The poor water quality of the PRE was due to the large
amount of riverine nutrient inputs and sewage discharge from
dense population and intensive industry (Huang et al., 2003; Yin
and Harrison, 2008; Lu et al, 2009). Intensive agricultural in
watersheds (Figure S4) was the major pressure on water quality
for Z2 and Z3 (both classified as moderately high). In addition, the
western coastal currents, which were greatly affected by the Pearl
River plume, might also bring in abundant nutrients (Shu et al,
2018; Lao et al,, 2019). Shantou Harbor and adjacent areas (Z8) was
another hotspot with high nutrient loads, receiving lots of nutrients
from large rivers including the Hanjiang, Rongjiang and Lianjiang.
These rivers were all characterized by dense population and
intensive agricultural activities in their catchments.
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The annual comparison of water quality between 2015 and 2018
(Figure 4) revealed an improvement in Z1 and Z7. The declines in
population (Table S5) and precipitation (Figure 7A), which had
reduced nutrient inputs from sewage and agriculture non-point
source pollution (Carpenter et al., 1998; Lao et al., 2019), might be
the main causes. Particularly in Z7, despite not statistically
significant, CF, OM and AP in this area had decreased during
2015-2018, contributing to the reduction of agricultural pollutants.
In comparison, there were no apparent changes in areas with high
or moderately high WQ ratings, indicating heavy nutrient stress
from anthropogenic inputs in these areas, although in some areas
(such as the PRE) a noticeable decreasing trend in CF was observed.

4.2.2 Ecological symptoms and potential
influencing factors

The results of the ASSETS assessment revealed significant
temporal and spatial variations in the ecological response to
nutrient enrichment for different zones (Figure 3, Table 4). For
72, 74 and Z5, the ES ratings were as high as the WQ ratings,
indicating that excess nutrients were the key causative factors of
eutrophication. Z1, Z3, Z7, and Z8 showed lower ES ratings
compared to their WQ ratings, revealing their lower sensitivity to
nutrient enrichment. A sharp contrast between the low rating of
WQ and the high rating of ES was observed in Z6, indicating that
the hydrological conditions and biochemical processes might play a
more important role in determining the health of coastal
ecosystems (Cloern, 2001; Ferreira et al., 2005). In the case of Z6,
the combination of a high Chl-a concentration, low bottom DO
concentration, and periodic occurrence of HABs led to a high ES
rating. Previous studies have demonstrated that the high primary
production and frequent algal blooms in this area were probably
due to the suitable temperature conditions, highly efficient nutrient

10.3389/fmars.2023.1280821

circulation, and nutrient supplementation from upwelling (Sun
et al, 2011; Wu et al, 2016; Wu et al., 2017). In addition,
seasonal hypoxia observed in Mirs Bay and its adjacent waters
was driven by coupled physical and biochemical processes (Li et al.,
2014; Zhang et al., 2018). Therefore, it is needed for further tests to
gain insight into the magnitude of ecological sensitivity to nutrient
enrichment for different coastal systems.

The results revealed that more severe ecological symptoms
occurred in the northern part of the PRE than in the southern
part. The high rating in the north was determined by the high Chl-a
and severe hypoxic conditions (Figure 6), which were rarely noticed
in previous studies (Zhang and Li, 2010; Lu and Gan, 2015). The
research areas in previous studies were often confined to the middle
and lower parts of the estuary with a salinity higher than 10 PSU;
however, those areas were recognized as the southern part of the PRE
in this study. Lu and Gan (2015) found that the high Chl-a in the
upper reach was likely induced by the inactive phytoplankton from
the river discharge rather than by cells generated locally, and this
result was supported by the low DO concentration at the same
location. In addition, the persistent low-oxygen waters in the north
observed in this study confirmed that the hypoxic conditions in the
upper part were mainly due to the large amounts of pollutants and
low-oxygen waters from upstream reaches (Qian et al,, 2018; Hu
etal,, 2021). Unlike the upper reach (northern part), the high biomass
and the seasonal low-oxygen condition in the southern part resulted
from the combination of physical and biochemical effects associated
with variable riverine discharge and stratification during summer
(Zhang and Li, 2010; Lu and Gan, 2015; Hu et al., 2021).

The annual analysis of the ecological response to nutrient
enrichment revealed a remarkable shift in the southern part of
the PRE, showing a moderate ES rating in 2017 and dropping to a
low rating in 2018. The 10" percentile DO concentration decreased
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from 4.9 mg/L to 3.1 mg/L, and the number of algal bloom events
increased from zero to three during 2017-2018. Various factors may
have contributed to this abrupt change due to the complex physical
and biochemical interactions in the PRE (Yin et al., 2000; Huang
et al,, 2003; Zhang and Li, 2010). Researchers have noticed that
changes in the riverine sediment loads might be essential in
controlling biological processes by regulating the turbidity
distribution, which significantly influenced phytoplankton growth
in estuaries (Cloern, 1987; Tian et al., 2009; Horemans et al., 2020).
The reduction in sediment supply and subsequent decline in
turbidity for large estuaries, such as the Yangtze River estuary
and the PRE, could strengthen oxygen depletion and increase the
risk of HABs, as the light-shading effect of suspended sediments on
primary production was greatly weakened (Wang et al., 2016; Hu
etal, 2021). In this study, a remarkable decline in sediment loads of
the PRE (measured at the Gaoyao, Shijiao, and Boluo stations) was
observed between 2017 and 2018 (Figure 8B), decreasing from 34.52
Mt/a to 10.11 Mt/a. This might be the critical factor leading to the
dramatic deterioration of ecological conditions in the southern part
of the PRE. It is required for future work to investigate the roles and
contributions of the changes with long-term observations.

4.3 Advantages and limitations of the
assessment methods

Compared with previous applications of the ASSETS method,
there were still great differences in the selection and estimation of key
indicators for the pressure and response components. The pressure
was characterized by influencing factors including nitrogen load and
the estuary’s susceptibility to nitrogen (dilution and flushing rates) in
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the US ASSETS applications (Bricker et al., 2008). Because the
system’s susceptibility (largely determined by the residence time of
water within a system), as well as land-based nutrient sources, had
played an important role in the development of eutrophication.
Previous studies have shown higher ratings of Chl-a and HABs
problems in systems with slower flushing or longer residence time
(Ferreira et al., 2005). Unlike the US, the pressure was estimated by
water quality indicators (such as DIN, DIP, and COD) in the Chinese
applications. The selection of water quality indicators, which
conformed to the widely used EI method (Zou et al., 1983), had the
advantage of reflecting the degree of nutrient enrichment in the coastal
waters and helped to establish a link to the coastal management in
China. However, it failed to identify the natural influencing factors
that might have remarkable contributions in the development of
eutrophication. Despite certain hydrographic characteristics and
nutrient inputs were available from previous studies for some
typical estuaries and bays along the Guangdong coast, information
was very limited for some other coastal areas, especially in less
developed areas. Therefore, there was still a lack of data to support
the evaluation of susceptibility in the eight coastal zones.

The estimation of the response (future outlook of nutrient load)
was one of the significant differences between these applications using
the ASSETS method. In the US ASSETS applications, the response of
eutrophication was based on demographic projections which were
complemented by expert knowledge. In comparison, the response
was ignored or replaced by simplified calculations in previous
Chinese applications. For example, some researchers (Wang et al,
2012; Luo et al,, 2022) selected the annual rate of change in future
nutrient emissions as the response indicator, which could lead to a
misunderstanding of the future outlook. Because in many systems,
nutrient inputs were also influenced by the environmental changes
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Long-term variations in the major drivers of Guangdong Province. (A) Precipitation and runoff. (B) Population density, GDP, and value-added of
industry. (C) Aquatic products and output of meat. (D) Consumption of chemical fertilizers.
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such as runoff and precipitation. In the applications of the Bohai sea
(Wu et al,, 2013) and Jiaozhou Bay (Wu et al, 2019), the response
variable was ignored, resulting in an incomplete assessment of
eutrophication condition. To fill in this gap, this study employed a
semi-quantitative approach to analyze the future outlook of nutrient
load. It was determined by a synthetic analysis of the historical
presentation and prospects of the main drivers in watersheds,
including population, industry and agriculture. The integrated
evaluation of the response in the present study provided a more
scientific and reliable result than that based on expert experience or
used an unsuitable variable. Nevertheless, quantitative methods are
still required to obtain robust assessment results.

In addition, compared to the indicators used in the US and EU
countries, information on aquatic communities and changes in food
webs caused by nutrient enrichment were not considered in this
study due to insufficient data. Because large-scale marine ecological
surveys had been carried out at low frequency (perhaps every few
years) and the data cannot usually be obtained from open access.
The comparison of the key indicators of eutrophication assessment
used in this study and the other applications is shown in Table S7.
Further improvements should make efforts in using more
hydrographic and biological indicators to identify the
susceptibility of coastal ecosystems, and combining multisource
data to investigate the cumulative effects of eutrophication.

4.4 Future outlook of eutrophication

The long-term statistics revealed significant increases in the
growth of economy and population in Guangdong Province since
1980 (Figure 7B). The annual gross domestic product (GDP) in
2020 was approximately 440 times higher than that in 1980, and the
population increased 1.4 times. IN, AP, OM, and CF also increased
dramatically during this period (Figures 7B-D). There is an overall
anticipation about the socioeconomic development of the study
area in the future based on the 14" Five-Year Plans of Guangdong
Province (http://www.gd.gov.cn/zwgk/jhgh/content/post_
3268882.html): Increasing trends in economy and population are
likely to continue even though the pace of growth may slow, and the
gap in regional development may widen. Moreover, it is also needed
for stable agricultural production outputs and improved
agricultural pollution management. However, some researchers
were less optimistic and anticipated increased riverine nutrient
inputs due to more intensive agricultural practices and industrial
activities in the coming decades (Rabalais et al, 2009; Statham,
2012; Strokal et al., 2014; Laurent et al., 2018).

Although anthropogenic nutrient inputs are responsible for
coastal eutrophication, climate change also plays an important
role by modifying temperature, wind patterns, precipitation, the
hydrological cycle, and sea level rise (Statham, 2012; Strokal et al.,
2014). Increasing temperatures have been anticipated to lead to
major changes in the functioning and structure of ecosystems by
changing biodiversity and interactions between trophic levels
(Brierley and Kingsford, 2009). The changes in precipitation are
especially likely to experience significant increases in nutrient flux,
thereby exacerbating eutrophication in China (Sinha et al., 2017).
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The rising surface ocean temperatures, freshwater and nutrient
inputs, and atmospheric CO, will further exacerbate
eutrophication-driven acidification and low-oxygen conditions in
the PRE (Luo et al., 2014; Zhao et al., 2020; Liang et al., 2021).

Based on the trend analysis of the major drivers, it is suggested
that the nutrient loads will increase due to growing economy and
population in Z4~Z6. Z2 is another hot spot requiring attention
because of the high nutrient loads and poor eutrophic conditions.
The combination of climate change and continuing high nutrient
loads through human activity is anticipated to lead to enhanced
eutrophication in the future in these areas.

5 Conclusion

This study applied the ASSETS and NOWPAP CP methods to
assess the Guangdong coastal waters using the same temporal-scale
data (2015-2018). The results revealed the changes of water quality for
most coastal zones, indicating that there was an overloading nutrient
pressure mainly from the terrestrial input. The results of the ASSETS
assessment revealed the temporal and spatial variations in the
ecological response to nutrient enrichment for different zones. More
severe eutrophication conditions were detected in Z2, Z4~Z6 mainly
due to the HABs and low-oxygen problems. The eutrophication
conditions in Z4~Z6 may further deteriorate due to the increasing
nutrient loads driven by the growing economy and population.
Targeted management interventions are required to reduce the
effects of nutrient enrichment, considering the changes in nutrient
loads and the major drivers in watersheds. The modified ASSETS
method was suggested to more accurately and comprehensively reveal
the eutrophication conditions in the Guangdong coastal waters, while
the NOWPAP CP method helped to know about the long-term
changes in ecological effects of nutrient enrichment. Further work for
evaluation efforts should aim to investigate the susceptibility of coastal
ecosystems and the cumulative effects of eutrophication.
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