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Abstract: In marine environments, urea is an important component of the biogeochemical cycle of
nitrogen. The autochthonous and allochthonous sources (rivers, aquaculture, waste water input,
etc.) of urea play a key role in urea cycles in adjacent coastal waters. Because urea is a specific
marker to trace the sewage fluxes in coastal waters, we investigated urea associated with terrestrial
source input and coastal water in Zhanjiang Bay (ZJB) during the time from November 2018 to July
2019, and the spatiotemporal urea distribution and the bioavailability of dissolved organic nitrogen
(DON) based on urea concentration in the ZJB were explored. The results showed that the urea
enrichment in coastal water was mainly due to discharge from urban sewage systems, rivers, and
coastal aquaculture. The concentration of urea ranged from 1.14 to 5.53 µmol·L−1, and its mean value
was 3.13 ± 1.02 µmol·L−1 in the ZJB. The urea concentration showed a significantly different seasonal
variation in the ZJB (p < 0.05), and the highest and lowest concentrations were found in November
2018 and April 2019, respectively. Its high value appeared in the north and northeast of the ZJB,
which were polluted by coastal aquaculture and agriculture fertilizer utilization. The range of urea
concentration of terrestrial source inputs in the ZJB was 1.31–10.29 µmol·L−1, and the average urea
concentration reached 3.22 ± 0.82 µmol·L−1. Moreover, the total urea flux surrounding the ZJB was
2905 tons·year−1. The seasonal terrestrial source of urea flux contributions had significant seasonal
variation in wet, normal, and dry seasons (p < 0.05). The ZJB was subjected to a large flux of urea by
estuaries and sewage outlet discharges. The seasonal urea concentration in all stations (>1 µmol·L−1)
indicated that urea in the ZJB may have a bioavailable DON source. As a bioavailable nitrogen source,
the ability of terrestrial source-derived urea to increase eutrophication should not be ignored in ZJB.
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1. Introduction

In coastal marine environments, the nitrogen cycle is a part of the much larger and interconnected
hydrosphere–lithosphere–atmosphere–biosphere nitrogen cycle of the Earth [1]. Various forms of
nitrogen can be directly transported across cell membranes and assimilated into new cellular material
as required for biosynthesis and growth. As an important part of the nitrogen cycle, dissolved organic
nitrogen (DON) is a critical component of proteins, chlorophyll, and nucleic acids [2,3]. Not only can
DON be converted into inorganic nitrogen, it is also a potential source of bioavailable nutrients [4–7].
Urea, as an unstable and intermediate DON compound, has increasingly caught attention in the recent
past decades [8–12]. It participates in various metabolic pathways involved in the transportation,
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production, and decomposition of different microorganisms in the ocean, forming an essential part of
the marine nitrogen cycle [10,13]. Urea is increasingly found to be important in the nitrogen nutrition
of some Harmful Algal Bloom (HAB) species [14,15]. Many researches have shown that urea is used as
a nitrogen substrate by many coastal phytoplankton species and has an obvious promotion effect on
the growth of some microalgae in seawater [14–20].

In general, urea in surface seawater can originate from two types of the major sources: an
autochthonous source, which produces urea within the system, and allochthonous, which supplies
urea from outside the system [3–5]. The autochthonous sources include marine biological processes,
such as phytoplankton metabolism, bacterial and viral metabolism, cell death and decomposition,
and zooplankton excretion [5–7,21]. Allochthonous sources include the deposition of atmosphere and
terrestrial inputs. Recent studies showed that urea in atmospheric sedimentation can promote the
growth of marine phytoplankton and is one of the important factors affecting biological communities [16].
Urea is also transferred from the land to the atmosphere because of wind-blown particulates and the
evaporation of soil moisture [22–24]. However, terrestrial runoff could be the most important source
in semi-enclosed bays, which are influenced by industrial factors and sewage outlets set up along
the coastline in recent years. Coastal area runoff from land, such as industrial waste water, domestic
sewage, agricultural fertilizer, etc., is potentially the main source of urea in coastal water. In particular,
the inputs from agriculture fields with urea fertilizer will also increase the enrichment of DON in
coastal areas. Urea is a widespread compound in terrestrial ecosystems because the human demand
for grain has rapidly increased the application of urea as a fertilizer. Statistical data showed that
worldwide use of urea fertilizer increased more than 100-fold, accounting for more than 50% of the
global nitrogen fertilizer usage during the past few decades [25–27]. Urban and agriculture sewage
systems are two of the most significant sources of urea. The extent to which urea reaches the marine
environment relies on the efficiency of the steps of mineralization, nitrification, and the removal of
nitrogen in waste water treatment plants [27,28]. Previous studies found that urea is the most readily
used organic nitrogen source and has been showed to be available to all algal species studied so
far [16–20,29]. With the increasing urea contributions to natural waters and waste water discharges,
it is obviously important to learn about the DON bioavailability based on the urea concentration
at a spatiotemporal scale [3,11,16,30]. Fertilizer-derived urea can be a significant, bioavailable, and
anthropogenic form of dissolved ‘organic’ nitrogen export that warrants further attention in many field-
and catchment-scale research applications [15,27]. The absolute urea concentration in seawater and the
proportion of urea in DON can be used to indicate the bioavailability of DON [31,32]. These studies
suggested that the biogeochemical role of urea should be better investigated in coastal zones subjected
to highly variable ambient conditions and to huge fluxes of urea [33]. Therefore, it is important to
explain the significant contribution of terrestrial source urea input to marine ecosystems.

Zhanjiang Bay (ZJB), which is located in the northeast of Zhanjiang city, plays a key role in
the development of Zhanjiang city. Since the 1980s, with the rapid socioeconomic development of
Zhanjiang, the impact of human activities, such as coastal terrestrial pollutant discharge, marine
aquaculture, harbor, and terminal shipping, etc., has increasingly expanded. Caused by the large
amount of terrestrial source inputs through estuaries and sewage outlets into the ZJB costal area,
seawater quality has deteriorated, while HAB occurs frequently [34]. According to the Bulletin of
Guangdong Marine Environmental Status 2017, the coastal area of Zhanjiang city has become one of
the important areas with the most severe HAB except for the Pearl River Delta [35]. Under the high
intensity of anthropogenic activities, the eutrophication caused by urea in seawater is still unknown.
As such, we focused on the urea in coastal water and terrestrial sources, including the most relevant
river and sewage inputs in the JZB.

The aim of this study is to analyze the concentration and sources of urea in coastal water, estuaries,
and sewage outlets in ZJB, subjected to increasing anthropogenic pressure in recent years. Three
different aspects were considered: (1) to determine the spatial and temporal distribution characteristics
of urea in the surface water of ZJB during four seasons, (2) to calculate the fluxes of terrestrial inputs of
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ZJB estuaries and sewage outlets in different water flow seasons and to identify the variations and
sources of pollution in the terrestrial inputs of the ZJB; (3) to assess the DON bioavailability based on
the urea concentration in the ZJB coastal water. The results can provide meaningful field monitoring
data for obtaining an overall picture of urea in terms of bioavailable DON in the the ZJB marine system.

2. Materials and Methods

2.1. Study Area and Data Sources

The ZJB is located in the northeast of Zhanjiang city. Based on geographical features, the ZJB is a
semi-closed bay with poor hydrodynamic conditions. The adjacent administrative area includes Potou
District, Xiashan District, Suixi District, Lianjiang District, and Donghai Island. Therefore, the ZJB
plays an important role in Zhanjiang’s economic and social development. The total length of ZJB is
15 km from south to north, with a width of 24 km, covering an area of 193 km2. It is rich in marine
resources [35,36]. During 2018, the average annual temperature of Zhanjiang city was 25.1 ◦C, and the
average annual rainfall was 1663 mm. The Zhanjiang’s regional gross domestic product (GDP) was
282.403 billion yuan, with a permanent population of 7.305 million people in 2017 [37]. There are rivers
flowing through urban areas along the coastline. Ports, piers, anchorages, and marine aquaculture
functional areas were built in the bay by the government. In recent years, many sewage outlets
from municipal sewage treatment plants along the coastal ZJB area have been built. Sewage outlets
discharge waste water into the bay, which causes serious marine environmental pollutant problems [34].
In this study, water sampling was chosen with respect to the physical–chemical–biological status of the
hydrological and terrestrial input spatial distribution characteristics in the ZJB (Figure 1); this study
designed the monitoring stations of seawater (Figure 1) and the survey stations of the estuaries and
sewage outlets of terrestrial input (Table 1). Considering representativeness of the samples, sampling
of terrestrial sources and seawater was conducted in the same seasonal period. To determine the
amount of terrestrial urea discharge into the sea, a total of 11 terrestrial source input stations (Table 1),
including six river estuaries discharging into the bay (numbers 3, 4, 5, 6, 9, and 11) and inshore outflows
of five sewage outlets (numbers 1, 2, 7, 8, and 10) were investigated. The 28 seawater monitoring
stations of seawater in ZJB were selected according to the Specification for Marine Monitoring Part 4:
Seawater Analysis [38]. First, the water quality control points corresponded to the terrestrial inputs
such as estuaries and sewage outlets and were established at seawater stations throughout the waste
water-seawater mixed zone. Second, some seawater stations were used to evaluate the water quality
impact of terrestrial inputs in the ZJB. Other seawater stations were established in the different
marine functional zones and marine transect of the ZJB. Overall, the sampling site selection described
above allowed comprehensive evaluation of the effects of terrestrial urea inputs on seawater and the
distribution characteristics of surface seawater in the ZJB [38–41]. The spatial distribution of seawater
and terrestrial source input stations is shown in Figure 1. Because of the limitation of natural factors
such as weather and the water level at the time of sample collection, samples from all stations in
seawater could not be collected.

Table 1. Investigation of estuaries and sewage outlets in ZJB [29].

Number Estuaries and Sewage Outlets Longitude/◦ Latitude/◦

S1 Donghai Island aquaculture sewage outlet 1 110.2052 21.0426
S2 Donghai Island aquaculture sewage outlet 2 110.2406 21.0511
S3 Hongxing estuary 110.2503 21.0337
S4 Nanliu River estuary 110.2257 21.0907
S5 Lvtang River estuary 110.2453 21.1246
S6 Wenbao River estuary 110.2350 21.1511
S7 Jinsha Bay sewage outlet 110.2331 21.1613
S8 Sewage outlet of the flood control sluice in Binhu park 110.2329 21.1645
S9 Suixi River estuary 110.2317 21.2334
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Table 1. Cont.

Number Estuaries and Sewage Outlets Longitude/◦ Latitude/◦

S10 Sewage outlet of the flood control sluice in Dengta park 110.2559 21.1513
S11 Potou primary school sewage outlet 110.2653 21.1423
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2.2. Sample Collection and Analysis

The samples of this comprehensive investigation were collected in the ZJB costal seawater;
November 2018 and April 2019 represented the normal season, January 2019 represented the dry
season, and June and July 2019 represented the wet season. The seawater samples were collected by
using 5 L plexiglass water collectors (DSC5000) (Xiamen Dengxun Instrument Equipment Limited
Company, Xiamen, China) to obtain 2.5 L surface (0–10 m) water of ZJB. The samples of terrestrial
estuaries and sewage outlets were collected simultaneously during low tide within 6 h to avoid
seawater influence [40]. The method of collection, preservation, and measurement of river water and
sewage water samples was performed in accordance with the “Technical Specification Requirements
for Monitoring of Surface Water and Waste Water” (HJ/T91-2002) [40]. According to the “Code for
liquid flow measurement in open channels” (GB50179-93) [41], water samples were collected using
a portable sampler, and a rotor flow meter was used to monitor the flow of each river into the sea
simultaneously. After transportation to the laboratory, all samples were first filtered with glass fiber
filter (GF/F) membranes, and then the water samples were stored in glass bottles which were cleaned
with ultrapure water. The samples were frozen in a refrigerator before analysis (−18 ◦C).

2.3. Method of Urea Measurement for Sample Analysis

After the water sample was collected, the concentration of urea was determined in accordance
with the optimized diacetyl monoxime method in urea measurement [42]. At present, the main
determination method of urea in seawater is diacetyl monoxime spectrophotometry [43]. However,
there are many differences between analysis methods, such as the reagent types and ratios. Aiming at
the shortcomings in the existing methods, an orthogonal experiment was used to optimize the reagent
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ratio by optimizing the kinetic conditions of the urea color reaction in seawater samples [44]. This
procedure was based on the diacetyl monoxime spectrophotometry method [45,46]. However, there
may be interactions between the environmental variables. This optimized method effectively overcomes
the previous method problems of poor reproducibility and a narrow linear range. The conditions of
this optimized measurement we used were as follows: 710.00 mg·L−1 diacetyl monoxime, 15.75 mg·L−1

thiosemicarbazide, 17.32 (V/V) sulfuric acid, and 0.3 mg·L−1 Fe3+. The reaction temperature condition
was in water bath at 80 ◦C for 50 min. The optimized method detection limit (MSD) was 0.26 µmol·L−1,
the relative standard deviation (RSD) was 6.6% (n = 9), and the recovery rate was between 98% and
107%. During this method, the samples were measured twice in parallel, and the relative deviation of
the measured parameters did not exceed 5% [42].

2.4. Riverine and Sewage Outlets Flows and Fluxes of Urea Calculation

In this investigation, the urea fluxes of terrestrial discharge were calculated using the following
formula: Urea export was estimated from the ZJB terrestrial sources, representing the urea fluxes
from the most downstream main-channel station with water discharge data. Thus, river estuaries and
sewage outlets monitoring stations were used to quantify the fluxes of urea transported from the river
estuaries and sewage outlets to the coastal water. The annual riverine and sewage outlets fluxes of
urea used here were classically estimated using the equation:

Furea = Curea × Qurea, (1)

where Furea is the flux of the urea in the estuaries and sewage outlets; Curea is the average concentration
of urea in estuaries and sewage outlets during that period (unit: µmol·L−1), Qurea is the cumulative
discharge of river estuaries and sewage outlets; its unit is m3

·d−1.

2.5. Statistical Analyses

The geographic information system ArcGIS (10.2) (Esri corporation, New York, NY, USA) was
used to map the monitoring stations of the ZJB coastal water and terrestrial sources. The map of the
urea spatial distribution in surface water was drawn by Ocean Data View (4.0) [47], using weighted
average gridding, and the seasonal variations were assessed by one-way analysis of variance (one-way
ANOVA) in SPSS 22 software (IBM Corporation, Chicago, IL, USA) [48]. The hypothesized population
mean for the urea data used the 95% confidence interval about the mean concentration. The significance
level α was set as 0.05. When the p value is lower than 0.05, it means the average concentration of urea
was significantly different among the seasons. The urea flux map of terrestrial source and assessment
of DON bioavailability was drawn by Origin (9.0) software (Origin Lab Corporation, Northampton,
MA, USA). The investigation data were processed using Microsoft Excel 2016 software (Microsoft
Corporation), Washington, DC, USA). The average data in this paper are expressed as the arithmetic
mean ± standard deviation (mean ± SD).

3. Results

3.1. Spatiotemporal Distribution of Urea Concentration in the ZJB Adjacent Surface Coastal Water

Urea concentrations in surface seawater revealed seasonal and spatial differences by one-way
ANOVA in SPSS 22 software (p < 0.05) (Figure 2). During the investigation period from 2018 to 2019,
the concentration of urea in the ZJB surface water fluctuated from 1.14–5.53 µmol·L−1, with an average
concentration of 3.13 ± 1.02 µmol·L−1 (Figure 3). The urea concentration in the ZJB decreased from
autumn to winter, then decreased again in spring, and slightly increased in summer. The maximum and
minimum values occurred in autumn and spring, respectively (Figure 3). In addition, the average urea
concentration in November 2018 (autumn) was 4.05 ± 0.86 µmol·L−1, with a range from 2.08 µmol·L−1

to 5.53 µmol·L−1 (Table 2). In January 2019 (winter), the range of urea concentrations in the ZJB surface
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water was 2.37–4.55 µmol·L−1, and the average urea concentration was 3.32 ± 0.54 µmol·L−1 (Table 2).
In addition, the urea concentration of surface water in April 2019 (spring) averaged 2.50 ± 0.66µmol·L−1,
with a range of 1.66–3.86 µmol·L−1 (Table 2). The average urea concentration in June 2019 (summer)
was 2.57 ± 0.99 µmol·L−1, and the concentration ranged from 1.14 µmol·L−1 to 4.39 µmol·L−1 (Table 2).

From the spatial pattern, the distribution of urea concentration in the ZJB showed significant
differences. (Figure 2). In November 2018 (autumn), the distribution of urea in the ZJB showed high
concentrations, in particular, in the coastal waters of Suixi estuary and Potou District (Figure 2a),
whereas low urea concentrations were found in a large area at the mouth of ZJB in January (Figure 2b).
In both seasons, the main feature of urea distributions in the ZJB was the occurrence of higher
concentrations in areas adjacent to Potou and Xiashan districts. In April 2019 (spring), the horizontal
distribution of urea had a similar trend. The lowest urea concentration was found in the mouth of the
ZJB (Figure 2c). The horizonal distribution of urea concentration in June 2019 (summer) was different
from that in the other three months (Figure 2d). High urea concentrations were found in the Donghai
Island adjacent seawater of the ZJB.
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Table 2. Seasonal urea concentration: mean, maximum, and minimum values in ZJB.

Month Mean ± SD
(µmol·L−1)

Maximum
(µmol·L−1)

Minimum
(µmol·L−1)

2018.11 4.05 ± 0.86 2.08 5.53
2019.01 3.32 ± 0.54 2.37 4.55
2019.04 2.50 ± 0.66 1.66 3.86
2019.06 2.57 ± 0.99 1.14 4.39

3.2. Seasonal Variation in Urea from Terrestrial Sources in the ZJB

3.2.1. Spatiotemporal Distribution of Urea Concentration in the Estuaries and Sewage Outlets

In this survey, urea concentrations of estuaries and sewage outlets surrounding the ZJB were
different in different seasons (Figure 4). The concentrations of urea were significantly different
among the three monitoring seasons (p < 0.05). During the three water flow seasons, the mean
urea concentration was maximized in the wet season, then the dry season, and exhibited minimum
concentrations in the normal season. Among the different seasons in the estuaries and sewage outlets,
the minimum and maximum urea concentrations were 1.31 µmol·L−1 and 10.29 µmol·L−1, respectively.
In January 2019 (dry season), the average urea concentration was 3.07 ± 2.42 µmol·L−1, and the urea
concentration ranged from 1.31 to 10.29 µmol·L−1. In addition, the mean urea concentration at the
sewage outlets in April 2019 (normal season) was lower than that in January. In April (normal season),
the average urea concentration was 2.34 ± 0.30 µmol·L−1. The highest urea concentration reached
2.75 µmol·L−1. Furthermore, the urea concentration at the estuary and sewage outlets increased in July
2019, and the average concentration was about 4.25 ± 0.76 µmol·L−1. The maximum and minimum
urea concentrations were 5.74 µmol·L−1 and 3.02 µmol·L−1, respectively. In terms of spatial variability,
the urea concentrations were differently distributed in the estuaries and sewage outlets in the ZJB. The
maximum and minimum urea concentrations occurred at the Potou primary school sewage outlet
(S11) and Jinsha Bay sewage outlet (S7), respectively. On one hand, in estuaries, the highest urea
concentration was 3.72 µmol·L−1, located at Nanliu River estuary (S4), which was significantly higher
than that of the other sewage outlets. The lowest urea concentration occurred in Hongxing estuary
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(S3), which was 2.74 µmol·L−1. On the other hand, the urea concentrations of Potou primary school
(S11) and Jinsha Bay (S7) sewage outlets were 5.47 µmol·L−1 and 2.22 µmol·L−1, respectively. They
were also the respective highest and lowest values for sewage outlets.

Water 2020, 12, x FOR PEER REVIEW 9 of 18 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10S11
0

2

4

6

8

10  CUrea (The concentration of urea)
 FUrea (The flux of urea)

 

Stations

C U
re

a/(μ
m

ol
·L

-1
)

2019.01(a)

0

1

2

3

4

50
52

F U
re

a/(t
on

s/m
on

th
)

 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10S11
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5  CUrea (The concentration of urea)
 FUrea (The flux of urea)

 

Stations

C U
re

a/(
μm

ol
·L

-1
)

2019.04(b)

0.0

0.5

1.0

1.5

2.0
196
200

F U
re

a/(
to

ns
/m

on
th

)

 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10S11
0

1

2

3

4

5

6

7
 

Stations

C U
re

a/(
μm

ol
/L

)

0
3
6
9
12
15
18
470
475
480 CUrea (The concentration of urea)

 FUrea (The flux of urea)

F U
re

a/(
to

ns
/m

on
th

)2019.07(c)

  

Figure 4. The concentration (CUrea) and flux (FUrea) input variation of urea in January (a), April (b) and 
July (c) in the ZJB. 

3.3. Assessment of DON Bioavailability Based on Urea Concentration in the ZJB Coastal Water  
Both the relative and absolute urea concentration of seawater can be used to indicate the bioavailability 
of DON. In general, when the absolute urea concentration in the water exceeds 1 μmol·L−1 or the 
proportion of urea in DON exceeds 0.05, urea can be used as an effective nitrogen source to promote the 

Figure 4. The concentration (CUrea) and flux (FUrea) input variation of urea in January (a), April (b) and
July (c) in the ZJB.

3.2.2. Flux of Urea in Estuaries and Sewage Outlets Discharged into the ZJB

Among the 11 terrestrial source monitoring stations in the ZJB (Figure 1), the fluxes of urea
entering into the coastal water were significantly different during the three periods (p < 0.05). The
total flux of urea pollutants in January, April, and July was 57 tons, 201 tons, and 510 tons, respectively.
The highest urea flux was found in Suixi River estuary (S9), which is located at the bottom of the bay.
Suixi River estuary (S9) contributed 51 tons of urea in January and 196 tons in April, accounting for
89.47% and 97.51% of the total flux, respectively. The urea pollutant flux of Donghai Island aquaculture
sewage outlet 1 (S1) was the lowest in the two periods, i.e., 0.002 tons and 0.004 tons, which accounted
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for 0.004% and 0.002%, respectively, of the total flux. In comparison with the dry season and normal
season, the entire amount of urea pollution flowing into the sea during the wet season had an evident
increase, reaching 510 tons. The urea flux of Suixi River estuary (S9) was still the highest load, with
475 tons of urea. Because it accounted for 93.14% of the total value, the Suixi River estuary (S9) made a
great contribution to the urea concentration of ZJB. The lowest value appeared in Lvtang River estuary
(S5), which had 0.14 tons, only accounting for 0.02%. According to the flux of urea pollutants flowing
into the sea in January, April, and July 2019, fluxes during the dry, normal, and wet season period were
estimated in one year, which were 166 tons, 1227 tons, and 1512 tons, respectively. Then, the annual
flux of urea discharged into the JZB was 2905 tons, of which the dry season accounted for 5.71%, the
normal season accounted for 42.24%, and the wet season accounted for 52.05%.

3.3. Assessment of DON Bioavailability Based on Urea Concentration in the ZJB Coastal Water

Both the relative and absolute urea concentration of seawater can be used to indicate the
bioavailability of DON. In general, when the absolute urea concentration in the water exceeds
1 µmol·L−1 or the proportion of urea in DON exceeds 0.05, urea can be used as an effective nitrogen
source to promote the growth of phytoplankton [31,32]. Associated increases in the urea concentration
and of the frequency of HAB have been reported in several coastal zones [15]. It has been suggested
that the ability to use urea could be an important driver of phytoplankton community composition [49].
This study results indicated that all urea concentrations in ZJB during different seasons were much
higher than 1 µmol·L−1 (Figure 5). This meant that surface seawater in the ZJB had a high level of
bioavailable DON, and urea cannot be neglected as a key species of DON. In different seasons, the
mean urea concentrations were 4.05 ± 0.86 µmol·L−1, 3.32 ± 0.54 µmol·L−1, 2.50 ± 0.66 µmol·L−1, and
2.57 ± 0.99 µmol·L−1 in November, January, April, and June, respectively. This indicated that while
highly variable in season, the potential contribution of urea to eutrophication cannot be ignored in the
ZJB. The urea concentrations as bioavailable DON in the ZJB coastal water may be linked to seasonal
marine ecological problems in the future.
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4. Discussion

4.1. Comparison of Urea Concentration in the ZJB with Other Estuaries and Bays around the World

During the investigation period, the results showed that the urea concentration in the ZJB surface
seawater presented a significant spatiotemporal distribution. In terms of the spatial distribution, the
results showed that the hot-spot of urea concentrations in different seasons was mainly located in the
north and northeast of the ZJB in November 2018 and in January and April 2019 (Figure 2). On the
contrary, urea concentration in June 2019 was high in offshore water of the southern bay and low
nearshore of the northern bay. Due to the local aquaculture activities, sediment emission and effects of
phytoplankton, microbial growth and metabolism, or precipitation changes in Zhanjiang, the high
value could appear in the Donghai Island adjacent coastal water as well [50].

The range of urea concentration and the high value in the ZJB were similar to the tropical marine
coastal water of Haikou Bay [51], but its low concentration was higher than that of Chesapeake Bay
in the United States [52], Florida Bay in the United States [52], Manokin Estuary in Maryland [52],
Monterey Bay in Canada [53], Jiaozhou Bay [54], Daya Bay [55], and others coastal waters in China
(Table 3). One of the reasons is that the ZJB, as a semi-enclosed bay, has poor hydrodynamic exchange
conditions due to the impact of reclamation projects, especially in the northern and northeastern waters
of the bay [56]. Pollutions has accumulated in this area for a long time and could not spread, resulting in
nitrogen pollution being more serious than in other sea areas in the bay. The urea concentration of ZJB
changed apparently in different seasons, which showed the same regulation with the result of discharge
of terrestrial inputs in Jiaozhou Bay during the 2011–2012 period [54,57]. From the comparison of
terrestrial and seawater urea concentration in 2018–2019, the range of urea concentration from terrestrial
sources was much greater than that of seawater, i.e., 1.31–10.25 µmol·L−1 and 2.08–5.53 µmol·L−1,

respectively. This situation showed that terrestrial source input affected the urea concentration in
seawater. The urea variation in coastal water can be influenced by terrestrial sources, marine biological
processes, and coastal water hydrodynamics with spatial differences. On one hand, the variation of
urea from terrestrial sources in the ZJB was different, especially in the river flow and waste water
discharge change (Figure 3). On the other hand, the coastal water hydrodynamics played a key
role in the spatial distribution. In many months, the high water-exchange capacity can accelerate
urea diffusion in the mouth of the ZJB in comparison to inner bay water areas, leading to low urea
concentrations. Furthermore, the marine biological activities also change with the seasonal variation.

Table 3. Comparison of urea concentration in the ZJB with other bays and estuaries.

Study Area Survey Time
The Average

Concentration of
Urea (µmol·L−1)

The Range of Urea
Concentration

(µmol·L−1)
Reference

The Yangtze 2010–2011 0.03–6.32 [16]
Haikou Bay, Hainan 2011 3.30 ± 0.43 2.07–3.30 [51]

Middle river,
Chesapeake Bay 2000–2002 0.25–1.25 [52]

Manokin and King,
Chesapeake Bay 1998–2002 0.75–1.90 [52]

Chicamacomico,
Chesapeake Bay 1998–2002 1.00–2.40 [52]

Pocomoke River,
Chesapeake Bay 1998–2002 0.45–0.90 [52]

Monterey Bay, Canada 2006.09 0.42 [53]
Jiaozhou Bay 2012–2013 5.39 ± 5.21 0.16–26.22 [54]

Daya Bay 2008 0.15–9.80 [55]
Hangzhou Bay 2010 1.14 ± 0.90 0.19–6.55 [58]

Bohai Sea 2014 0.84 ± 0.20 0.21–2.17 [59]
Pocomoke River 2000.08 0.36 ± 0.04 [60]

James River,
Chesapeake Bay 2008.08 0.10–0.99 [61]
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Table 3. Cont.

Study Area Survey Time
The Average

Concentration of
Urea (µmol·L−1)

The Range of Urea
Concentration

(µmol·L−1)
Reference

Randers Fjord 2001.08 1.20–3.90 [62]
York River 2010.03–2010.05 0.37 ± 0.16 [62]
Florida Bay 2002.11 0.36–1.70 [63]

Zhanjiang Bay
(Seawater) 2018–2019 3.13 ± 1.02 1.14–5.53 This study

Zhanjiang Bay
(Terrestrial sources) 2019 3.22 ± 0.82 1.31–10.29 This study

4.2. The Concentration Variation and Sources of Urea in ZJB

Due to the changing terrestrial fluxes in different seasons, the result indicated that the sources
and the influential factors of urea of different seasons in the ZJB were different. From the annual urea
fluxes of 11 terrestrial stations (Figure 6), the annual urea flux during the investigation was 2905 tons,
of which the dry season accounted for 5.71%, the normal season accounted for 42.24%, and the wet
season accounted for 52.05%. The flux in the wet season obviously contributed the largest amounts of
urea pollutants to the ZJB in the whole year, especially the Suixi River estuary (S9), Donghai Island
aquaculture sewage outlet 1 (S1), and Nanliu River estuary (S4). Based on the terrestrial sources of the
ZJB, the urea pollutant sources of the Suixi River estuary (S9) may be mainly from agricultural fertilizer
application. Suixi River is the largest river discharging into ZJB, and the nitrogen fertilizer entered into
rivers due to the rainfall influence. One of the most significant urea pollutant sources of Nanliu River
estuary (S4) is waste water discharge from industrial factories, especially petrochemical enterprises
and fertilizer plants, located near Nanliu River estuary (S4). The Donghai Island aquaculture sewage
outlet 1 (S1) is the center point of aquaculture, of which the urea concentration showed an increasing
trend. The artificial feeding and the biological activities of marine plankton may impact the urea
concentration. The period of the wet season is not only the most active times of marine organisms but
also the peak of irrigation and fertilization in the ZJB. When the rainfall increased substantially in those
periods, the flux of urea from surface runoff also increased. The wet season period is the key time
when crops require irrigation and fertilization, causing the increase of the terrestrial urea concentration
by the nitrogen fertilizer used. At the same time, plankton, microorganisms, and bacteria in seawater
excrete and release urea more frequently in this suitable environment during the wet season. At the
same time, there is considerable aquaculture in the bay. The growth and metabolism of marine fish
would also release urea, leading to some urea discharge into the ZJB.
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The large urea discharge of terrestrial input in the ZJB every year mainly originated from the
presence of the urban estuaries and sewage outlets along the coastline. The most important is the
terrestrial sources that have a high urea concentration and may increase the flux of urea input into
the ZJB. In the dry season, the sewage outlet of the flood control sluice in Binhu park (S8) played an
important role in producing urea pollution, while the Suixi River estuary (S9) still had the highest
values, though this assumed that urea discharged from the transportation of terrestrial runoff caused by
rainfall was one of the main factors determining the urea concentration in the ZJB waters. In addition,
the artificially discharged sewage could not be ignored due to its significant effect. Compared with
the annual urea pollution flux from other sewage outlets, the urea flux of the Suixi River estuary
(S9) often showed the highest value: it accounted for 94.78% of the whole year, with 2753 tons of
pollution. Terrestrial inputs, especially agricultural fertilizer runoffs, might be the major source of
urea in the ZJB. This situation is due to the rapid development of the society and economy around
the ZJB, which has led to the continuous increase in nitrogen pollutant emissions and water quality
deterioration [64,65]. In particular, Potou District and Xiashan District, located on the eastern and
western sides of the ZJB, brought about the continuous increase in waste water from sewage outlet
discharge. In addition, Zhanjiang is also a large marine aquaculture city, with an increase rate of
42.27% of the marine aquaculture area compared to 2002 (Figure 7). During 2017, the amount of
nitrogen fertilizer in Zhanjiang was approximately 175,000 tons. Although it was lower than 2016,
it increased by 24.80% over the past few years. One of the fundamental causes of the surge in grain
demand was the population growth. These ever-increasing anthropogenic pressures in the ZJB and
the catchment were summarized (Figure 7). In general, most of the nitrogen pollutant emissions are
caused by the terrestrial input discharge of industrial waste water and domestic sewage, especially
runoff from agriculture fields. According to the statistics (Figure 7), the application of fertilizer in
Zhanjiang reached 194,900 tons in the year of 2016. With the increasing population, the applications of
nitrogen fertilizers in agricultural production, such as urea, have to solve the high demand for grain.

The urea concentration in the seawater was also associated with the excretion of plankton
and endogenous effects of marine biology [59]. Zhanjiang has large-scale aquaculture industries,
including freshwater and seawater. Similarly, marine aquaculture will accelerate the development
of phytoplankton communities; the urea concentration in the water is affected and increased as a
consequence [66]. Seasonal changes could be influenced by marine aquaculture in the ZJB, especially in
northeastern Donghai Island and Nansan Island adjacent coastal water. For instance, the temperature
in winter is low, which reduces the metabolism and food intake of fish, and the number of plankton
communities in seawater decreases [60]. Therefore, the urea concentration in the dry season is higher
than that in the normal season.
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4.3. Assessment of DON Bioavailability Based on Urea Concentration in the ZJB Coastal Water

From 2018 to 2019 in this investigation, the urea concentration was in the range of
1.14–5.53 µmol·L−1 with a mean value of 3.13 ± 1.02 µmol·L−1. All the urea concentrations from each
sampling station in different seasons were much higher than 1 µmol·L−1. This indicated that surface
seawater in the ZJB has a high level of bioavailable nitrogen, and urea cannot be neglected as a key
species of DON. With the development of modern agriculture, urea has been used extensively in
plant-product industry processes. This change has occurred to satisfy the world’s demand for food and
more agriculture. Long thought to be retained in soils, new data suggest significant overland transport
of urea to sensitive coastal waters [16]. Urea concentrations in coastal and estuarine waters can be
substantially elevated and represent a large fraction of the DON pool. Under the limited conditions of
dissolved inorganic nitrogen in the ZJB, seawater with a high bioavailability of DON may promote a
suitable growing environment for marine plankton [27]. Urea is also an important source of nitrogen
for plankton communities. Bacteria contribute to urea uptake, but the largest contribution is often due
to phytoplankton species, as urea can cover 20–50% of their total nitrogen demand [10,11,15]. This
result indicated that the promotion effects on the growth of phytoplankton should not be ignored.
Furthermore, with high bioavailability of DON, the ZJB is faced with a eutrophication problem. A study
showed that the level of eutrophication in the ZJB, especially in the northern waters in 2007, has
increased obviously in recent decades, resulting in the dangerous problem of HAB [68]. The most
effective actions to reduce the HAB risk and impacts will be continued efforts to reduce both inorganic
and organic nutrients entering coastal waters [69].



Water 2020, 12, 633 14 of 17

5. Conclusions

Based on the seawater sampling investigation results of the ZJB from 2018 to 2019, significant
seasonal variation differences in urea concentration were observed in the surface seawater of the ZJB
(p < 0.05). High average concentrations of urea occurred in November 2018, reaching 4.05± 0.86µmol·L−1,
while the lowest concentration was 2.50± 0.66µmol·L−1 in April 2019. In terms of spatial distribution, the
urea concentration distribution in the ZJB showed that the coastal waters with high urea concentrations
were mainly distributed in the nearshore estuaries and the middle of the ZJB. In addition, the surface
seawater in the ZJB had a high level of bioavailable nitrogen, and urea could not be neglected as a
key species of DON. During 2019, the range of urea concentration of terrestrial source inputs in the
ZJB was 1.31–10.29 µmol·L−1, and the average urea concentration reached 3.22 ± 0.82 µmol·L−1. The
total urea flux surrounding the ZJB was 2905 tons. The JZB was subjected to a large load of urea by
estuaries and sewage systems. The seasonal variation of urea from terrestrial sources in the ZJB was
significant (p < 0.05). The total flux of urea pollutants in dry, wet, and normal seasons accounted for
5.71%, 52.05%, and 42.24%, respectively, of the annual load. The highest input flux of urea occurred
in the wet season and the lowest was in dry season. Furthermore, the terrestrial source inputs, such
as agricultural nitrogen fertilizer runoff, were the most important factor which significantly affected
the urea concentration in the ZJB. As the bioavailable nitrogen source of phytoplankton, the ability
of terrestrial source-derived urea to promote the growth of phytoplankton should not be ignored in
the ZJB.
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