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Land-source nutrient inputs into coastal areas have increased remarkably in recent decades. To
investigate whether the rapid development of the coastal areas in Beibu Gulf, a newly developing industry
and port in South China, has accelerated the eutrophication of seawater in the coastal gulf, the nutrients
and other physicochemical parameters were measured in the Beibu Gulf. The results showed that the
lowest salinity was observed in the Maowei Sea and Qinzhou Bay during both wet and dry seasons,
suggested that the significant inCuence of land-based fresh water in these areas. Higher nutrient concentrations occurred in the wet season, whereas lower concentrations occurred in the dry season. High
nutrient concentrations were observed in the coastal bay along the coast of Guangxi Province, and the
concentration in the northeastern part was higher than that in the northwestern part. The heavy landsource discharge during the wet season was responsible for the high nutrient load in the coastal bay during
that season. In addition to the terrestrial inputs, strong decomposition may have partly contributed to
the high nutrient load in the Maowei Sea and Qinzhou Bay. However, high Chl-a levels occurred in
Qinzhou Bay, the oAshore area of the Dafeng River Estuary and Tieshan Bay, indicating that excessive
consumption by phytoplankton may have been responsible for the low PO43– concentration in those areas.
Generally, of the areas, the Maowei Sea and Qinzhou Bay experienced the highest eutrophication levels,
which were at moderate eutrophication levels.
Keywords. Nutrients; biogeochemical process; source; eutrophication; Beibu Gulf.

1. Introduction
Coastal oceans receive anthropogenic inputs, which
have significantly increased in recent years (Sharples et al. 2017; Yan et al. 2017; Lao et al. 2019a).
Nutrients are the material basis for algal growth,
but excessive nutrient inputs have also caused
many environmental problems, such as eutrophication, harmful algal blooms and seasonal hypoxia
in the coastal environment (Diaz and Rosenberg

2008; Ye et al. 2015; Asmala et al. 2018; M
enesguen
et al. 2018), and greatly interfered with original
biogeochemical cycles and coastal ecosystems.
Many studies have shown that eutrophication
interferes with the transportation and transformation of contaminants in coastal environments,
including potential key factors, such as food-net
structures, staying period in waters, biomass dissolving functions and sediment embedding (Zhang
et al. 2013a). These problems have been a major

199

Page 2 of 14

J. Earth Syst. Sci. (2021)130:199

concern in coastal environments worldwide (Galloway et al. 2004; Yang et al. 2018). Thus, eAective
management practices need to be designed to
protect coastal ecosystems.
Beibu Gulf (17.0–22.0°N, 105.5–110.0°E), is a
newly developing industry and port area, and a
semi-enclosed gulf along the Guangxi coast in
South China. The gulf is rich in biological resources
due to its high productivity and rich biological
diversity (Gan et al. 2013; Chen et al. 2018).
However, the coastal area in the gulf has been
subjected to high loading of anthropogenic inputs
from industrial, domestic and agricultural waste,
which is caused by the rapid development of local
industrialization and urbanization in coastal cities
(Kaiser et al. 2013; Lai et al. 2014; Lao et al.
2019b). Due to the poor hydrodynamic conditions
in the semi-enclosed bay, the gulf is greatly aAected
by land sources. Thus, high levels of dissolved
inorganic nitrogen (DIN) and phosphate mainly
occur in coastal bays, such as Qinzhou Bay,
Fangchenggang Bay and Lianzhou Bay (Lai et al.
2014). Pollutant diffusion in the gulf is closely
related to the hydrological characteristics of the
coastal waters (Placenti et al. 2013) and is also
aAected by the mixing process of oAshore currents
(Pelland et al. 2014). However, several rivers Cow
into the gulf, including the Beilun River, Fangcheng River, Qinjiang River, Maoling River,
Dafeng River and Nanliu River (Bgure 1). The
annual runoA is as high as 3.091011 m3, but significantly different runoA levels occur during wet
and dry seasons, with more than 80% occurring

during wet seasons (Lai et al. 2014). Some of the
high pollutant loads in the coastal bays of the
northern part of Beibu Gulf mainly originate from
river inputs (Kaiser et al. 2014; Lai et al. 2014; Lao
et al. 2019b). Moreover, some rivers in Beibu Gulf
are seriously polluted in the wet season (nutrient
concentration is much higher than that in the dry
season), such as the Dafengjiang River and Nanliujiang River, the two larger rivers in the east of
Beibu Gulf (Lao et al. 2020). Thus, we speculate
that the increase of runoA in the wet season due to
heavy rainfall may enhance the eutrophication of
Beibu Gulf, and thus aAecting the nutrient cycle
and ecological eAect in the coastal gulf.
To clarify this issue, we conducted a Beld sampling
programme from the coastal bays to the outer area
during the dry season and wet season. We measured
the nutrient (NO3–, NO2–, NH4+, PO43– and SiO32–),
total phosphorus (TP) and total nitrogen (TN) concentrations, as well as other physicochemical
parameters, to (1) study the processes of spatialtemporal variations in nutrients, (2) assess the status
of nutrient enrichment and eutrophication, and (3)
explore the main sources of nutrients and their
biogeochemical processes during different seasons.

2. Study area
The study area is located in the northern part of
Beibu Gulf along the Guangxi coast in South China
(Bgure 1). The coastline of the northern part of
Beibu Gulf in Guangxi Province extends *1164

Figure 1. Study area and sampling stations in Guangxi Beibu Gulf.
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km from Tieshan Bay in the east to the Beilun
River estuary in the west, covering the cities of
Beihai, Qinzhou and Fangchenggang (Kaiser et al.
2014; Lai et al. 2014). The northern part of Beibu
Gulf is a subtropical and monsoonal area and is
inCuenced by the East Asian monsoon, with
an annual average precipitation of *1775 mm.
The precipitation amount in the wet season
(April–October, 1579 mm) is much higher than
that in the dry season (March–November, 196
mm) (http://data.cma.cn/site/index.html, Beihai
meteorological station, 1981–2010), resulting in the
dominant runoA occurring in the wet season.
Lianzhou Bay, Tieshan Bay and the Nanliu River
are located on the Beihai coast. Lianzhou Bay is an
aquaculture area, and the Nanliu River, which is
the largest river in Guangxi with an annual average
runoA of 6.8 9 109 m3, is on the northern side of the
bay. The coast of Qinzhou, including the Maowei
Sea and Qinzhou Bay, and the Dafeng River, Jingu
River, Qinjiang River and Maoling River Cow into
Qinzhou Bay. Both river discharge and aquaculture activities contribute to pollution in Lianzhou
Bay and Qinzhou Bay (Lai et al. 2014). Moreover,
the Qinzhou Port Industrial Zone is located in the
mouth of Qinzhou Bay, and many industrial
activities, such as petroleum, pulp, phosphate resources, paper industry and energy, are located in
the coastal area. The coast of Fangchenggang
includes Fangchenggang Bay and Zhenzhu Bay.
The Fangcheng River Cows into Fangcheng Bay,
and the Beilun River Cows into Zhenzhu Bay. The
coastal economy is largely based on aquaculture
and tourism in Zhenzhu Bay and the large areas of
industry and the port zone along the coast of
Fangchenggang Bay.
3. Materials and methods
3.1 Field sampling
Two cruises were conducted in February (dry
season) and August (wet season) 2019. Seawater
samples were collected from 51 stations with Niskin
bottles in both seasons in the northern part of
Beibu Gulf (Bgure 1). Stations B01–B14 are located on the coast of Fangchenggang city, stations
B15–B28 are located on the coast of Qinzhou city,
and stations B29–B51 are located on the coast of
Beihai city. At each sampling site, seawater temperature (T), pH, dissolved oxygen (DO) and
salinity (S) were measured on-site. For chlorophyll-a

(Chl-a) analysis, seawater samples were Bltered
by glass-Bbre Blters GF/F Blter (0.7 lm, Whatman) and stored at –20°C before further analysis.
For nutrient (NO3–, NO2–, NH4+, PO43– and
SiO32–) analysis, seawater samples were Bltered by
pre-acid clean of 0.45 lm acetate cellulose Blters
GF/F and then transferred into acid-washed
polyethylene bottles and stored at –20°C before
further analysis. Approximately, 125 ml of seawater was collected for TN and TP into acid-washed
polyethylene bottles and stored at –20°C before
further analysis.
3.2 Chemical analysis
The pH samples were measured on site by pH
meter (Thermo Model 868). DO, COD and
nutrient samples were measured in accordance
with the National Marine Monitoring Code Part
4-Seawater Analysis (GB 17378.4–2007). DO
samples were determined by the Winkler titration method, and the precision was 0.07 mg L–1.
COD samples were determined by the potassium
permanganate oxidation method with a precision
of 0.15 mg L–1.
Chl-a was extracted using 90% acetone at 4°C in
darkness for 24 h and measured using the Cuorometric method (Lorenzen 1967). Nutrients (NO3–,
NO2–, NH4+, PO43– and SiO32–) were measured by
colorimetric methods using a San++ continuous
Cow analyser (Skalar, Netherlands). NO3– was
determined by the cadmium–copper reduction
method, and the detection limits of NO3– and NO2–
were 0.6 lg L–1; NH4+ concentrations were determined by spectrophotometry after treatment with
Nessler’s reagent, and the detection limit was 0.42
lg L–1; PO43– and SiO32– were determined by
the phosphomolybdate blue method and Si–Mo
spectrophotometry, with precisions of 0.62 and
12.6 lg L–1, respectively. TN and TP were determined by the potassium persulfate oxidation
method, with precisions of 0.02 and 0.005 mg L–1,
respectively.
To determine the accuracy of the analysis
results, the standard sample and standard addition
recovery experiments were carried out for each
batch of water samples. Take 10–15% of each batch
of seawater samples for parallel determination to
test the precision of the analysis results. The correlation coefBcients of nutrients should be [0.999,
and those of other factors should be [0.99; the
relative standard deviation of the parallel sample
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Table 1. Limits for DIN, PO43–, COD and DO concentrations used in the seawater quality
standards of China.
Seawater quality
standard

DO (mg L–1)

First-class
Second-class
Third-class
Fourth-class

DIN (lg L–1)

[6
5–6
4–5
3–4

B200
200–300
300–400
400–500

Table 2. ClassiBcation indices of eutrophication (EI).
Water quality

EI

Oligotrophic
Light eutrophication
Moderate eutrophication
High eutrophication
Severe eutrophication

EI \ 1.0
1.0 B EI \ 2.0
2.0 B EI \ 5.0
5.0 B EI \ 15.0
EI C 15.0

was less than 10%, and the deviation of the quality
control sample was less than 5%.
3.3 Trophic status assessment
Values for dissolved inorganic nitrogen (DIN),
PO43–, chemical oxygen demand (COD) and DO
were compared with the National Seawater Quality
Standard of China (table 1). The state of
eutrophication in the study area was assessed by
the eutrophication index (EI) method, calculated
by the formula:
EI ¼

COD  DIP  DIN
 106 ;
4500

where COD is the concentration of chemical oxygen demand (mg L–1), DIP is the concentration of
PO43– (mg L–1), and DIN is the concentration of
NO3–, NO2– and NH4+ (mg L–1). If EI[1, then the
seawater is considered eutrophic. The state of
eutrophication can be divided into Bve classiBcations (table 2).
4. Results
4.1 Physicochemical parameters
Seasonal and spatial distributions of the physicochemical parameters are shown in Bgure 2. The
surface seawater temperature was higher in the wet

PO43– (lg L–1)
B15
15–30
15–30
30–45

COD (mg L–1)
B2
2–3
3–4
4–5

season (average of 31.0°C) but lower in the dry
season (average of 17.6°C) (Bgure 2a, b). A large
salinity range was observed in the wet season,
ranging from 2.5 to 30.9, with an average of 22.8.
The salinity generally showed an increasing trend
seaward during the wet season, and of the areas,
the Maowei Sea had the lowest salinity level; relatively low salinity levels were also observed in the
Dafeng estuary, Lianzhou Bay, Tieshan Bay and
Zhenzhu Bay (Bgure 2c). However, relatively high
salinity levels were observed in the dry season
(Bgure 2d) and ranged from 19.5 to 32.3, with an
average of 30.1. These hydrological distribution
characteristics indicate that intense runoA input
occurred in the northern part of Beibu Gulf during
the wet season, while high salinity seawater intrusion from the outer area occurred during the dry
season. Moreover, the lowest salinity was observed
in the Maowei Sea and Qinzhou Bay during both
wet and dry seasons, suggested that this area is
most aAected by land-based freshwater.
The level of Chl-a ranged from 0.1 to 15.7 lg L–1
(average of 3.0 lg L–1) in the wet season and from
0.2 to 4.8 lg L–1 in the dry season (average of 1.5 lg
L–1). The highest Chl-a level was found in the
Maowei Sea and Qinzhou Bay in the wet season. In
addition, relatively high Chl-a levels were also
found in Lianzhou Bay and Tieshan Bay
(Bgure 2e). During the dry season, except for relatively higher Chl-a levels found in Qinzhou Bay
and Tieshan Bay than in the other areas, the Chl-a
level showed a relatively uniform distribution. The
DO level ranged from 5.1 to 7.8 mg L–1 (average of
6.8 mg L–1) during the wet season and from 6.9 to
8.2 mg L–1 (average of 7.7 mg L–1) during the dry
season. A significantly low DO level was found in
the Maowei Sea during the wet season (Bgure 2g).
A relatively high DO level was found in the whole
northern part of Beibu Gulf during the dry season
(Bgure 2h). The COD level in the wet season
(ranging from 0.01 to 4.12 mg L–1, with an average
of 1.76 mg L–1) was generally higher than that in
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Figure 2. Distribution characteristics of the physicochemical parameters in the seawater of Beibu Gulf during wet and dry
seasons.
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the dry season (ranging from 0.42 to 2.40 mg L–1,
with an average of 0.94 mg L–1). Higher COD levels
occurred in coastal areas during the wet season
than during the dry season, particularly in Qinzhou
Bay and Lianzhou Bay. The pH ranged from 7.6 to
8.8 (average of 8.2) in the wet season and from 7.8
to 8.3 (average of 8.1) in the dry season. The distribution pattern of pH was similar to that of DO,
and of the areas, the Maowei Sea had the lowest pH
value during the wet season (Bgure 2k).
4.2 Nutrient concentrations and distribution
patterns
The nutrient distribution patterns are presented in
Bgures 3 and 4. The concentration of DIN (sum of
NO3–, NO2– and NH4+) ranged from 41.1 to 1115.6
lg L–1 in the wet season and from 4.4 to 378.6 lg
L–1 in the dry season, and the average concentration in the wet season (267.4 lg L–1) was much
higher than that in the dry season (50.9 lg L–1).
The average concentrations of NO3–, NO2– and
NH4+ were 160.0, 14.9 and 92.4 lg L–1, respectively, during the wet season and 33.1, 2.8 and 15.1
lg L–1, respectively, during the dry season. NO3–
was the dominant DIN during both seasons,
followed by NH4+, while NO2– was the lowest.
Significantly higher concentrations of NO3–, NO2–
and NH4+ were found on the coast of Qinzhou and
Beihai during the wet season, particularly in
Qinzhou Bay and Lianzhou Bay, while lower concentrations were found in the outer area (Bgure 3a,
c and e). During the dry season, the concentrations
of NO3–, NO2– and NH4+ in the coastal area were
significantly lower than those in the wet season,
and relatively higher concentrations were found in
Qinzhou Bay than in the other areas. The concentrations of SiO32– and PO43– ranged from 26.1
to 2850.0 lg L–1 (average of 504.5 lg L–1) and from
0.5 to 21.3 lg L–1 (average of 2.8 lg L–1) in the wet
season and from 37.0 to 590.0 lg L–1 (average of
160 lg L–1) and from 0.7 to 535 lg L–1 (average of
5.1 lg L–1) in the dry season, respectively. The
distribution patterns of SiO32– during both seasons
were similar to those of DIN. The highest PO43–
concentration was found in Fangchenggang Bay
during the dry season (Bgure 3h). In contrast to the
concentrations of the other nutrients, the concentration of PO43– in the dry season was higher than
that in the wet season. The levels of TN and TP
ranged from 0.24 to 1.36 mg L–1 (average of 0.55
mg L–1) and 0.01 to 0.10 mg L–1 (average of 0.04
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mg L–1), respectively, in the wet season and from
0.07 to 0.57 mg L–1 (average of 0.20 mg L–1) and
0.01 to 0.08 mg L–1 (average of 0.02 mg L–1),
respectively, in the dry season. The distributions of
TN and TP were similar to that of DIN, showing
higher levels in Qinzhou Bay than in the other
areas (Bgure 4). Generally, higher nutrient concentrations occurred in the coastal area of the
northern part of Beibu Gulf during both seasons,
and the nutrient concentrations in the coastal area
in the wet season were higher than those in the dry
season (except for PO43–). In addition, the nutrient
concentrations in the northeastern part of Beibu
Gulf were generally higher than those in the
northwestern parts during the wet season
(Bgure 3).
5. Discussion
5.1 Nutrient sources and biogeochemical
processes
The concentrations of DIN in the wet season (267.4
lg L–1) were higher than those previously reported
in the same period (215.8 lg L–1), while the concentrations of PO43– (2.8 lg L–1) and SiO32– (504.5
lg L–1) were lower than those previously reported
(14.8 lg L–1 for PO43– and 570.2 lg L–1 for SiO32–)
(Lai et al. 2014). DIN mainly originated from
industrial and agricultural discharge, and the
increase in DIN level in Beibu Gulf indicated that
human activities in the coastal area increased gradually. Anthropogenic inputs have led
to DIN increasing significantly in estuaries and
coastal oceans in recent years (Zhang et al. 2013b;
Ye et al. 2016; Yan et al. 2017). PO43– is mainly
from anthropogenic sources, such as industrial,
agricultural wastewater and domestic sewage discharge (Lei et al. 2019). The decrease in PO43–
content may be related to the national control of
phosphorus discharge in recent years. In addition,
the high Chl-a level in the coastal area during the
wet season and excessive consumption of phosphate during phytoplankton growth may also
reduce phosphate in seawater (Lai et al. 2011).
However, relatively high PO43– concentrations
occurred in Fangchenggang Bay and the Maowei
Sea during the dry season, suggesting that landsource pollution greatly contributed to the concentrations in those areas. Wastes produced from
the phosphate fertilizer plant in northeastern
Fangchenggang may be responsible for the high

J. Earth Syst. Sci. (2021)130:199

Page 7 of 14 199

Figure 3. Distribution characteristics of the nutrients (NO3, NH4+, NO2, PO43 and SiO32) in the seawater of Beibu Gulf
during wet and dry seasons.
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Figure 4. Distribution characteristics of the TN and TP in the seawater of Beibu Gulf during wet and dry seasons.

PO43– level in those areas (Lai et al. 2014). SiO32–
mainly originates from rock weathering and river
input, and long-term observational data show that
the dissolution of SiO32– decreases yearly (Zhang
et al. 2003).
In the study area, the salinity generally showed
an increasing trend from the coastal area to the
outer area, but the salinity in the coastal area in
the wet season was significantly lower than that in
the dry season; in addition, the lowest salinity
occurred in the coastal area during the wet season
(Bgure 2c, d). In contrast, the nutrient concentrations showed a decreasing trend from the coastal
area to the outer area during both seasons, and
significantly high nutrient concentrations occurred
in the coastal bays during the wet season (except
for PO43–) (Bgures 3 and 4). In addition, nutrient
concentrations were a significantly negative correlation with salinity in the northern part of Beibu
Gulf (Bgure 5), suggesting that nutrients are
mainly inCuenced by land sources. Particularly in
DIN and SiO32–, more significant correlation with
salinity, indicating that these nutrients are most
significantly aAected by terrestrial sources. However, the seasonal variations in nutrients in the
northern part of Beibu Gulf were significantly different from those in other estuary areas, such as
the Pearl River Estuary (Ye et al. 2016) and

Yangtze River Estuary (Chai et al. 2006), which
have lower nutrient levels in the wet season than in
the dry season due to dilution by high water discharge. Although the level of runoA in Beibu Gulf
is also high during the rainy season, the high concentration of nutrients indicates that a large
number of land-based pollutants are brought into
the oAshore environment during the wet season.
Four major rivers Cow into Qinzhou Bay (Bgure 1)
and could carry more land-source pollutants into
coastal seawater, resulting in a high nutrient load.
With the rapid economic development of Guangxi
Beibu Gulf, the industrial structure of Beibu Gulf
in Guangxi Province has experienced a significant
transformation from agriculture to industry. The
proportion of industry in the GDP has increased
significantly, forming an initial industrial structure
dominated by petrochemicals, steel, pulp and
paper, electronics, energy, biopharmaceuticals,
light industrial foods and ocean products. The
pollution sources in Beibu Gulf can be summarized
as three types: coastal point sources, coastal surface sources and marine sources. Coastal point
sources include industrial and urban domestic
sewage and rivers that directly discharge into
coastal seawater; coastal surface sources mainly
include agricultural, livestock and poultry sources
Cowing into coastal seawater through surface
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Figure 5. Linear relationship between nutrient concentration and salinity in the northern part of Beibu Gulf during wet and dry
seasons.

runoA; marine sources mainly include mariculture
(such as shrimp and shellBsh breeding), oil
exploitation leakage, and coastal ports. In addition, the river catchment in the northern part of
Beibu Gulf is dominated by agricultural activities
(Kaiser et al. 2014), and fertilizer is heavily applied
in catchment agriculture during the wet season.
These pollutants will be discharged into the coastal
environment in large quantities under heavy rainfall during the wet season (Kaiser et al. 2014; Lai
et al. 2014; Lao et al. 2019b). There are many rivers
in the northeastern part of Beibu Gulf (the east of
the Maowei Sea) (Bgure 1), and the annual runoA
of the Nanliu River, Dafeng River, Maoling River
and Qinjiang River was significantly higher than
that of the Beilun River and Fangchenggang River
in the northwestern part of Beibu Gulf. Substantial
terrestrial discharge into the coastal area during
the wet season causes the nutrient load in the

northeastern part to be higher than that in the
northwestern part. However, low rainfall (only 11%
of annual rainfall) and runoA (\20%) in the dry
season resulted in a decrease in the land-source
pollutants being discharged into the coastal area.
This scenario may have been responsible for the
lower nutrient concentrations in the dry season.
Thus, the increase of land-based pollutants input
due to the heavy rainfall in the wet season enhances the nutrient load in the coastal Beibu Gulf.
In addition to the land-based input of nutrients,
there may be strong biogeochemical processes in
the coastal area of Beibu Gulf. In the Maowei Sea
and Qinzhou Bay, high nutrient concentrations
were observed (Bgures 3 and 4), except for the
input of exogenous nutrients, and strong decomposition may have occurred in the coastal bay. A
high Chl-a level was also found in this area, but the
DO level was low, indicating that microbial
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decomposition and phytoplankton photosynthesis
exist simultaneously and that decomposition is
more important than photosynthesis. The relatively low DO levels in the bay may be inCuenced
by a strong decomposition process causing a large
amount of oxygen to be consumed. If photosynthesis is the dominant process, then this process
would absorb a large amount of CO2 and release
oxygen, resulting in an increase in pH and DO
content. However, in contrast, low DO levels and
pH values were observed in the Maowei Sea and
Qinzhou Bay, suggesting that a strong decomposition process occurred. This process causes a large
amount of DO to be consumed and a large amount
of CO2 to be released. The results of the elemental
(C/N), stable carbon isotopic composition (d13C)
and total nitrogen (d14N) analyses showed that
significant amounts of suspended and sedimentary
organic matter mainly originated from freshwater,
terrestrial and aquaculture-derived particles, and
marine phytoplankton was discharged into the
coastal area of the northern part of Beibu Gulf
(Kaiser et al. 2014). In addition, the Maowei Sea is
another semi-enclosed bay in the northern part of
Beibu Gulf, and organic matter and nutrients
easily accumulate in the bay due to poor hydrodynamic conditions. RunoA transports a substantial amount of nutrients, coupled with strong
decomposition, resulting in excess nutrients in the
region, which leads to a high level of phytoplankton
reproduction and high Chl-a content. In contrast,
although a high Chl-a level was also found in
Lianzhou Bay and the oAshore area of the Dafeng
River Estuary (B30, B31, B33 and B34), the high
DO level and pH indicated strong photosynthesis
in those areas. The low nutrient concentrations in
the oAshore area of the Dafeng River Estuary may
have been due to consumption by phytoplankton
(assimilation process). Moreover, PO43– level
showed an inverse trend with TP level, which
exhibited a higher level in the dry season whereas a
lower level in the wet season. The strong decomposition process in summer does not increase the
PO43– level significantly, since the level is not as
high as other nutrients in wet season. However,
this process may be an important factor causing
the increase of PO43– levels in the dry season. In
the dry season, the input of land-based pollutants
decreased with less rainfall, resulting in the
decrease of TP level, but the PO43– level increased
in this period. This indicates that PO43– has an
additional source in the dry season. This may be
related to the degradation of organic matter in the
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coastal water. But further investigations are needed to clarify this issue.

5.2 Nutrient structure and responses
of phytoplankton biomass
Generally, nutrients are important factors for
phytoplankton growth. According to Justic et al.
(Justi
c et al. 1995), potential nutrient limitation
can occur for N at N:P \ 10 and Si:N [ 1, for P at
Si:P [ 22 and N:P [ 22 and for Si at Si:P \ 10 and
Si:N \1. Based on the summary of many previous
works, it is proposed that the values of Si = 5.6 lg
L–1, DIN = 14 lg L–1, and P = 3.1 lg L–1 can be
used as the minimum threshold for phytoplankton
growth (Justi
c et al. 1995). In this study, the N:P,
Si:P and Si:N ratios ranged from 22.6 to 882.0
(average of 155.0), 26.1 to 1000.0 (average of 219.5)
and 0.2 to 7.3 (average of 1.8) in the wet season,
respectively, and ranged from 0.5 to 540.9 (average
of 23.7), 4.6 to 355.6 (average of 74.8) and 0.5 to
28.8 (average of 6.5) in the dry season, respectively. As shown in Bgure 6, the N:P and Si:P were
generally higher than 22 during the wet season,
indicating that P limitation occurred in this period.
This result is consistent with those in previous
studies (Lai et al. 2014; Yang et al. 2015). In
addition, the N/P values were significantly higher
than that from the previous study in the coastal
gulf, particularly in the wet season (average of 14.6
in wet season and 10.9 in the dry season) (Lai et al.
2014). This suggested that the DIN level in coastal
Beibu Gulf has increased significantly in recent
years. Except for the Maowei Sea, Lianzhou Bay
and the coastal area of Beihai city, the PO43–
concentrations in the other areas during the wet
season were generally lower than the threshold of
phytoplankton growth (Bgure 3g). This result may
have been responsible for the low Chl-a level on the
coast of Fangchenggang city during the wet season
(Bgure 2c). However, high Chl-a levels still occurred in Qinzhou Bay, the oAshore area of the Dafeng
River Estuary, and Tieshan Bay, which exhibited
low PO43– concentrations during the wet season. In
the process of phytoplankton growth, the excessive
consumption of PO43– and the enrichment of phytoplankton in water cause the PO43– concentration
to decrease rapidly; this phenomenon usually
occurs in the wet season (Wang et al. 2003).
Notably, although the DIN/P ratio (average of
155.1) significantly deviated from the RedBeld
ratio of 16 (ratio at which these nutrients are
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Figure 6. Potential nutrient limitation assessments in the northern part of Beibu Gulf during dry and wet seasons. (a) P
limitation, (b) N limitation, and (c) Si limitation.

utilized by marine phytoplankton) during the wet
season, the TN/TP ratio (average of 15.5) was
close to the RedBeld ratio. Studies have shown that
phytoplankton can use not only inorganic phosphorus but also dissolved organic phosphorus and
particulate phosphorus for growth (Bentzen et al.
1992; Gudimov et al. 2012). In addition, high TP
and TN levels were observed in those areas
(Bgure 4c). Thus, excessive consumption by phytoplankton may be responsible for the low PO43–
concentration in Qinzhou Bay, the oAshore area of
the Dafeng River Estuary and Tieshan Bay.
Although low PO43– concentrations occurred in
those areas, phytoplankton can still use dissolved
organic phosphorus and particulate phosphorus to
maintain growth.
5.3 Eutrophication index assessment
During the whole sampling period, the average
level of DIN (159.2 lg L–1) was\200 lg L–1, which
qualiBes as meeting the Brst-class standard using
the seawater quality standards of China (table 1).
However, the DIN level during the wet season

(average of 267.4 lg L–1) was higher than the Brstclass seawater standard, particularly in the Maowei Sea and Qinzhou Bay, and the DIN level (571
lg L–1) was higher than the fourth class. However,
on the coast of Fangchenggang, all samples met the
Brst-class seawater standard. The average PO43–
concentration during the whole period was \ 15 lg
L–1 and was able to meet the Brst-class seawater
standard. However, 10% of the samples did not
meet the Brst-class seawater standard during the
dry and wet seasons, generally occurring in the
Maowei Sea and Fangchenggang Bay. The average
COD level was 1.35 mg L–1, which met the Brstclass standard, during the whole sampling period,
and 33% and 2% of samples did not meet this
standard during wet and dry seasons, respectively,
which generally occurred in Qinzhou Bay and
Lianzhou Bay. Overall, although the seawater
quality of the northern part of Beibu Gulf generally
met the Brst-class standard, regional and seasonal
pollution still exists. To assess the state of
eutrophication in the northern part of Beibu Gulf,
the eutrophication index (EI) was calculated. The
average eutrophication index value (EI) was 0.40,
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Figure 7. Eutrophication status of seawater in different areas
of Beibu Gulf during the different seasons.

ranging from 0 to 8.01 during the whole sampling
period. This value was generally lower than the
eutrophication level (EI \ 1). However, there was
large variability in the EI values from different
seasons and sampling areas (Bgure 7). Generally,
the highest eutrophication occurred in the Maowei
Sea and Qinzhou Bay, followed by that in Lianzhou
Bay, the Dafengjiang Estuary, and Tieshan Bay,
and the lowest occurred along the coast of
Fangchenggang. Except for the coast of
Fangchenggang, the EI values in the wet season
were significantly higher than those in the dry
season. In addition, a significantly higher EI value
was found in Qinzhou Bay during the wet season
than during the dry season (average of 2.15), which
was in the range of the moderate eutrophication
level. The higher EI value in the wet season corresponded to the discharge of the contaminant
from the coastal area.
6. Conclusion
The seasonal nutrients (including NO3–, NO2–,
NH4+, PO43–, SiO32–, TP and TN) and other
physicochemical parameters were investigated to
explore the possible nutrient sources and biogeochemical processes in the northern part of Beibu
Gulf. The lowest salinity was observed in the
Maowei Sea and Qinzhou Bay during both wet and
dry seasons suggested that this area is most aAected by land-based freshwater. The high N/P ratio
observed during both dry and wet seasons suggests
that P is a limiting nutrient in the coastal gulf. The
nutrients concentration showed a decreasing trend

from the coastal bay to the outer area during both
dry and wet seasons, and the concentration in the
wet season was higher than that in the dry season
(except for PO43–). The heavy land-source discharge during the wet season was responsible for
the high nutrient load in that season, and the
increase of land-based pollutants input due to the
heavy rainfall in the wet season enhances the
nutrient load in the coastal Beibu Gulf. Moreover,
the high nutrient load in the Maowei Sea and
Qinzhou Bay during the wet season may also relate
to the strong decomposition. In addition, excessive
consumption by phytoplankton may have been
responsible for the low PO43– concentration in
those areas. The eutrophication analysis results
showed that the highest eutrophication occurred in
Qinzhou Bay, which was at a moderate eutrophication level, followed by that in the Maowei Sea,
Lianzhou Bay, the Dafengjiang Estuary, and Tieshan Bay, and the lowest occurred along the coast
of Fangchenggang.
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