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A B S T R A C T

Fourteen field cruises were carried out in a mariculture region of the northern Shandong Peninsula, North
Yellow Sea, China from 2016 to 2017 for a better understanding of the biogeochemical behaviors, sources and
export of dissolved inorganic nutrients. The spatial variations of nutrients were not obvious due to the influence
of complex hydrological and biochemical conditions. Potential nutritional level was characterized in oligo-
trophy, and trophic status was rated at medium level. A preliminary estimation of nutrient budgets demonstrated
that the dissolved inorganic nitrogen (DIN) load was mainly from atmospheric deposition and scallop excretion,
accounting for 56.9% and 35.6% of its total influx. Scallop excretion and sediment release were the major source
of phosphate (DIP), contributing to 25.2% and 44.3%, while dissolved silicon (DSi) was mainly from sediment
release, accounting for 94.2%. In addition, about 136.7× 103, 7.3×103 and 485.5×103mol km−2 yr−1 of
DIN, DIP and DSi could be converted into other forms, e.g. organic and particulate matter and gas species.

1. Introduction

Dissolved inorganic nitrogen (DIN), phosphorus (DIP) and silicon
(DSi), the key indicators in evaluating the ‘‘health status” of ecological
environment, play an essential role in the biological productivities,
ecosystem functions and biogeochemical processes in marine environ-
ments (Zhang et al., 2007; Liu et al., 2009, 2012; Lui and Chen, 2011,
2012; Asanuma et al., 2014; Li et al., 2014; Yang et al., 2018). For
example, nutrient enrichment can stimulate primary productivity
(Borum and Sand Jensen, 1996), sometimes leading to exceptional algal
blooms, which can result in hypoxia in bottom waters as stratification
develops (Anderson and Taylor, 2001; Rabotyagov et al., 2010; Li et al.,
2016). In addition, alterations in nutrient ratios and quantities can in-
duce changes in the composition of phytoplankton species and food-
web structure (Grosse et al., 2017; Lehtinen et al., 2017; Barbiero et al.,
2018). In the last few decades, studies on source, distribution and rate
of utilization of these inorganic nutrient components have become an
urgent research topic in various aquatic ecosystems.

Coastal waters account for only a small portion of the ocean surface
area, ∼7–8%, but provide ∼25% of the global ocean primary pro-
duction (Smith and Hollibaugh, 1993). In these ecosystems, distribution
and behavior of nutrients exhibit considerable variations depending

upon their external supply and removal. Generally, the main sources of
nutrients to coastal waters are river input, regeneration of organic
matter, atmospheric deposition, submarine groundwater discharge and
onshore transport from the open sea (Liu et al., 2005, 2009, 2012).
Phytoplankton uptake is the main pathway for the removal of excess
nutrients. In addition, human activities such as agriculture, aqua-
culture, sewage treatment and burning of fossil fuels also significantly
affect the distribution of nutrients (Liu et al., 2012). In recent decades,
due to rapid urbanization and growth of aquaculture in coastal areas,
the concentration and structure of nutrients in coastal waters have
changed significantly, resulting in a number of environmental pro-
blems, e.g. hypoxia, seawater acidification, harmful or toxic algal
blooms and shifts in species composition of plankton, posing a serious
threat to the marine ecosystem (Zhang et al., 2007; Bricker et al., 2008;
Heisler et al., 2008; Glibert et al., 2010; Qu and Kroeze, 2010; Li et al.,
2014). It is thus important to explore the biogeochemical cycle of nu-
trients and its main controlling factors, which has important scientific
and practical significance for regional material cycling and environ-
mental evolution and protection.

The North Yellow Sea (NYS), as a semi-closed marginal sea and one
of the world's most representative shallow continental shelves (Yang
et al., 2010), is rich in natural resources and plays an important role in
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human life and social development in the eastern littoral of China. The
north coast of the Shandong Peninsula, one of the fastest developing
areas in China, is located next to the NYS, with a history of over 60
years of marine raft culture (mainly scallops) in the coastal waters. Over
the last two decades, a number of environmental problems have
emerged due to ever-increasing pressures from human activities in this
region. Through the field investigation in the coastal waters of the
northern Shandong Peninsula from 2015 to 2017, it was found that
there was a hypoxia zone existent in the bottom water in summer, and
aerobic decomposition of marine autogenous organic matter could be
the main biochemical reason for the formation of hypoxia (Yang et al.,
2018; Yang and Gao, 2019). In addition, phytoplankton reproduction
could be the most important factor affecting the biogeochemical cycle
of organic matter (Yang et al., 2018; Zhang et al., 2018; Yang and Gao,
2019). However, as a key factor affecting phytoplankton reproduction,
the biogeochemical cycle of nutrients in this area has not yet been
studied. Therefore, this study, which was based on the data of 14 field
cruises, investigated the dissolved inorganic nutrients to examine their
composition and spatiotemporal variations and reveal the key processes
that control their dynamics in this coastal area.

2. Materials and methods

2.1. Study area

The research area, one of the intensively maricultured areas in
China with a mean depth of approximately 15m, is located in the
coastal waters around the Yangma Island along the Yantai-Weihai
shoreline in the northern Shandong Peninsula (Fig. 1). Several small
seasonal rivers, e.g. Xin'an River, Yuniao River, Qinshui River and
Yangting River are running along the coastline. The area is dominated
by regular semi-diurnal tides; currents flow from the east to the west at
flood tides and reverse at ebb tides (Jia et al., 2007), and climatic
variations are primarily dominated by the East Asian Monsoon (Chen,
2009). Meteorological conditions exhibit a pronounced seasonal cycle,
which determines strong variations in seawater temperature, salinity
and water column stratification during the year. The annual thermal
stratification occurs and lasts from spring to late summer as the tem-
perature rises; in autumn, the water column is mostly homogeneous due
to the weather turning cold, which is beneficial to vertical mixing (Yang
et al., 2018; Yang and Gao, 2019).

2.2. Sampling and analyses

From March 2016 through November 2017, 14 field surveys were
conducted in spring (March and May), summer (June, July and August)
and autumn (September and November). As shown in Fig. 1, a total of
37 sampling sites were covered in seven transects. Discrete water
samples were collected with a Niskin sampler. Two layers of water
samples were obtained at each sampling site, i.e. surface water (1m
under the sea surface) and bottom water (1m above the seabed). After
collection, about 100ml of each sample were filtered through pre-acid-
cleaned and pre-combusted (500 °C for 5 h) 0.7 μm pore size Whatman
GF/F filters. The filtrates were gathered in 50ml acid-cleaned poly-
ethylene bottles and stored at −20 °C until further analysis.

The concentrations of DIN, DIP and DSi were obtained by measuring
nitrate (NO3

−), nitrite (NO2
−), ammonium (NH4

+), phosphate
(PO4

3−) and silicate (SiO3
2−) in the water samples with a SEAL

Analytical continuous-flow AutoAnalyzer using the standard colori-
metric methods according to Aydin-Onen et al. (2012). The detection
limit was 0.02 μmol l−1 for NO3

−, NO2
− and SiO3

2−, and
0.03 μmol l−1 for NH4

+, and 0.01 μmol l−1 for PO4
3−. The relative

standard deviations (RSD) of repeated determinations of selected
samples were less than 5%. DIN concentration was the sum of NO3

−,
NO2

− and NH4
+ concentrations.

Hydrographic data, including water temperature, salinity, dissolved

oxygen (DO) and chlorophyll a (Chl a) were measured using a CTD
(Seabird) and a YSI sensors, with the precision of± 0.05 °C (tempera-
ture),± 0.01 (salinity), ± 0.01mg l−1 (DO) and± 0.01 μg l−1 (Chl a).

2.3. Nutritional status assessment

2.3.1. Potential eutrophication
Phytoplankton absorbs nutrients in seawater according to the

Redfield ratio (Redfield, 1963), and there must be some relative excess
of nitrogen or phosphorus, which could not be used. Excess nitrogen
and phosphorus do not have substantial contribution to eutrophication
and could be considered as a potential factor, known as potential eu-
trophication (Sun et al., 2006). In order to highlight the limiting
characteristics of nutrients, DIN and DIP were selected as the evaluation
parameters, and the potential eutrophication evaluation model pro-
posed by Guo et al. (1998) was adopted for the evaluation of the nu-
trient condition in the study area (Table 1).

2.3.2. Trophic index
Trophic index (TRIX) was proposed by Vollenweider et al. (1998)

and it integrates the most common indicators used for the assessment of
eutrophication. The TRIX method has been used for the evaluation of
the trophic status of water bodies at the regional level, which varied
from oligotrophic to eutrophic condition, such as in the Black, Aegean,
Adriatic and Caspian Seas, the coastline of Pesaro and the southeast
coast of Mexico (Pettine et al., 2007; Shahrban and Etemadshahidi,
2010; Devlin et al., 2011; Primpas et al., 2011). The index was calcu-
lated based on the following formula (Vollenweider et al., 1998;
Giovanardi and Vollenweider, 2004; Primpas and Karydis, 2011):

TRIX= [Log10(DIN×DIP×Chl a×D%O2)+ 1.5] / 1.2

where DIN, DIP and Chl a represent their corresponding concentrations
in μg l−1; D%O2 represents the absolute value of % deviation of DO
concentration from saturation condition; the numbers 1.5 and 1.2 are
scale coefficients proposed by Giovanardi and Vollenweider (2004) to
fix the lower limit value of the index and keep the scale in the range of
0–10 (Table 2).

2.4. Nutrient budget calculation

Dissolved nutrient budgets for the study system were constructed
based on the Land-Ocean Interactions in the Coastal Zone (LOICZ) box
model (Gordon et al., 1996). This model has been widely used in the
construction of nutrient budgets defining the internal biogeochemical
processes and external nutrient inputs of estuarine and coastal ecosys-
tems (Savchuk, 2005; Liu et al., 2009). In order to apply the model, the
study system was assumed to be in a steady state and treated as a single
well-mixed box. Terrestrial surface input, atmospheric deposition, and
the exchange with the Bohai Sea (BS) and the South Yellow Sea (SYS)
were included in the model. The mass balance of water and dissolved
nutrients in the study area was as follows:

QT+QA – QE+Qin – Qout+ △Q=0

QT×CT (i)+QA×CA (i)+Qin×Cin (i) – Qout× Cout (i)+ △M
(i)= 0

where Q represents the water mass of inputs (+) and outflows (−) in
the study area; △Q and △M are net budgets of water and dissolved
nutrients; C is the dissolved nutrient concentration in each water
column; Subscripts T, A, E, in and out represent terrestrial surface
input, atmospheric deposition (including precipitation and dry de-
position), evaporation, input from the BS and the SYS to the study area,
and output from the study area to the BS and the SYS; (i) represents a
certain nutrient of DIN, DIP and DSi.

For terrestrial surface input, it mainly comes from four small sea-
sonal rivers, e.g. the Xin'an River, the Yuniao River, the Qinshui River
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and the Yangting River, and a sewage outlet (Fig. 1). Among them, the
freshwater fluxes of river was obtained by the freshwater flow rate
measured using a portable flow meter (Model JCS-300A) multiplied the
cross-sectional area in river mouth, while the sewage discharge data
was obtained based on Bi (2006). The data of the nutrient concentra-
tions of the Xin'an River and the Yangting River were obtained by re-
lated literature (Ma et al., 2012; Sun et al., 2016; Qin, 2018). In addi-
tion, the nutrient concentrations of the sewage, the Yuniao River and
the Qinshui River were replaced by the data from the nearest sampling
sites in their estuaries. The atmospheric deposition rate and adjacent

Fig. 1. Sampling sites in the coastal waters of the northern Shandong Peninsula. The a, b, c, d, e, f and g represent the Xin'an River, Yuniao River, Qinshui River, Han
River, Guang River, Nian River and Yangting River, respectively. 1, 2 and 3 represent the Liaonan Coastal Current, Lubei Coastal Current and Yellow Sea Warm
Current, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
The evaluation standards for potential eutrophication.

Grade Nutrient level DIN (μmol l−1) DIP (μmol l−1) DIN/DIP

I Oligotrophic level < 14.28 < 0.97 8–30
II Moderate-level nutrient 14.28–21.41 0.97–1.45 8–30
III Eutrophication >21.41 > 1.45 8–30
IVP Phosphate-limiting moderate-level nutrient 14.28–21.41 / > 30
VP Phosphate moderate limiting potential eutrophication >21.41 / 30–60
VIP Phosphate-limiting potential eutrophication >21.41 / > 60
IVN Nitrogen-limiting moderate-level nutrient / 0.97–1.45 < 8
VN Nitrogen moderate limiting potential eutrophication / > 1.45 4–8
VIN Nitrogen-limiting potential eutrophication / > 1.45 < 4

Table 2
General ranking for TRIX assessment.

Grade TRIX
value

Trophic status Condition

I 0–4 Oligotrophic Water poorly productive
II 4–5 Mesotrophic Water moderately productive
III 5–6 Mesotrophic to

eutrophic
Water moderately to highly
productive

IV 6–10 Eutrophic Water highly productive
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sea inputs in this study is based on the relevant literature (Liu et al.,
2003; Zhang, 2004; Bi, 2006; Song, 2009; Zhu, 2011; Hong, 2012; Han
et al., 2013; Duan et al., 2016). In addition, based on the water depths
of the sampling sites, the underwater terrain was simulated using the
spatial interpolation and three-dimension technique provided by
ArcGIS 10.5, and then acquired the sea surface area, sea floor area and
water volume of the study area with the values of 664 km2, 730 km2

and 12.9× 109m3.

2.5. Data processing

Contour maps for parameters (temperature, salinity, DO, Chl a,
NO3

−, NO2
−, NH4

+, DIP and DSi) were generated with the Surfer 12
(Golden Software LLC) using the Kriging method. The relationship be-
tween environmental variables (salinity, DO and Chl a) and the nu-
trients (NO3

−, NO2
−, NH4

+, DIP and DSi) was investigated through
Pearson's correlation analysis using SPSS 19.0 software.

3. Results

3.1. Hydrographic features

Complex hydrographic conditions occurred during the study period
(Fig. 2), which may influence the transport and concentration of bio-
genic elements. Overall, the salinity was relatively stable ranging from
31.21 ± 0.21 to 32.24 ± 0.02 (Fig. 2b), while the temperature ranged
broadly from 3.1 ± 0.4 to 27.5 ± 0.7 °C (Fig. 2a). It is evident that
strong temperature-induced water column stratification occurred at
most sampling sites in summer (June, July and August), then weakened
and eventually disappeared in autumn (September and November),
which could lead to the other parameters having obvious vertical var-
iations in summer.

DO concentrations showed clear seasonal variations, ranging from
191.3 ± 19.4 to 264.2 ± 18.0 μmol l−1 in the surface water and
96.2 ± 38.0 to 246.5 ± 26.4 μmol l−1 in the bottom water (Fig. 2c),
and the peak was observed in May 2017. As an indicator of primary
production levels, Chl a data were also collected in the surface water
(Fig. 2d), and those values were measured at 1.08 ± 0.80 μg l−1 in
June 2017 to 3.28 ± 1.83 μg l−1 in August 2016.

Figs. S1 and S2 show the horizontal distributions of temperature,
salinity, DO and Chl a in the surface and bottom waters in May, August
and November 2016 and 2017. In general, human activities (e.g. do-
mestic and industrial wastewater discharge) and runoff input can sig-
nificantly affect the distribution of environmental parameters (e.g.
temperature, salinity, DO and Chl a) in coastal waters. During the in-
vestigation, temperature and salinity generally exhibited an obvious
seaward gradient. The temperature was higher in the inshore regions
than that in the offshore regions in May and August. However, rela-
tively low temperature was observed in the west part in November (Fig.
S1). Salinity could be used as a tracer of river and sewage water inputs
due to its conservative mixing behavior. Salinity in August and Sep-
tember was lower than that in other months (Fig. 2b). Spatially, the
relatively low salinity values were mainly distributed in the inshore
zones; especially in August 2017 (Fig. S1s), this phenomenon was
particularly evident, which could be attributed to water discharge from
the nearby land because it was the rainy season. Contrary to the salinity
distribution, the Chl a values in the surface water generally decreased
seaward in May and August in both years (Figs. S2a, b, d and e), in-
dicating the effects of terrestrial input on the flourishing of phyto-
plankton.

As for DO in the bottom water, the low values were mainly found in
the inshore zones in May and August (Fig. S2), and the lowest value of
55.0 μmol l−1 was recorded at the Site H-1 in August 2017. From May
to August, the hypoxia spots with DO concentration falling to below
62.5 μmol l−1, the oxygen concentration being regarded as the level
that could cause significant mortality of benthic organisms (Diaz and
Rosenberg, 2008; Vaquer-Sunyer and Duarte, 2008), was formed and
continued to develop (Figs. S2f, g, i and j). In November, the hypoxia
phenomenon disappeared (Figs. S2h and k). It is worth noting that, in
August, the relatively high Chl a values in the surface water (Figs. S2b
and e) appeared right in the region with low DO in the bottom water
(Figs. S2g and j), which provided a clue of DO consumption resulting
from organic matter degradation during an algal bloom period.

3.2. Dissolved inorganic nutrients

Dissolved inorganic nutrient concentrations varied considerably
during the study period (Fig. 3). The DIN, DIP and DSi concentrations in

Fig. 2. The monthly mean values of temperature, salinity, Chl a and DO in the surface and bottom water.
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the surface water ranged from 3.08 ± 1.90 to 11.52 ± 3.20,
0.24 ± 0.10 to 0.67 ± 0.15, and 0.71 ± 1.24 to
6.82 ± 2.77 μmol l−1, with the lowest values being observed in Sep-
tember 2017 for DIN, June 2016 for DIP and May 2016 for DSi, and the
highest values being found in July 2016, November 2016 and No-
vember 2017. In the bottom water, the corresponding values of DIN,
DIP and DSi varied from 3.63 ± 2.11 to 12.06 ± 3.62, 0.25 ± 0.08
to 0.72 ± 0.25 and 1.11 ± 1.66 to 6.58 ± 2.32 μmol l−1; the lowest

and highest values appeared in September 2017 and July 2016 for DIN,
June 2016 and August 2017 for DIP, and May 2016 and August 2017
for DSi, which were different from those in the surface water. For ni-
trogen compounds, DIN was dominated by NO3

−, which accounted for
28–74% (mean 58%) of DIN during the study period, followed by NH4

+

(21–64%, mean 38%), and NO2
− (2–12%, mean 4.15%) was the lowest

(Fig. 4). As the season progresses, the composition of DIN varied, and
the proportion of NO3

− decreased firstly and then increased, with the

Fig. 3. The monthly mean values of DIN, DIP, DSi and nutrient ratios in the surface and bottom water.

Fig. 4. The DIN composition characteristics in different months.
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lowest values being in August–September in each year in the bottom
water, while the NH4

+ value was the highest in these two months. The
molar ratios of DIN/DIP, DSi/DIN and DSi/DIP varied from
6.23 ± 3.28 to 34.55 ± 16.57, 0.11 ± 0.12 to 2.15 ± 0.80 and
2.32 ± 3.18 to 19.42 ± 7.00, respectively, with the lowest values
being found in May 2017 for DIN/DIP and May 2016 for DSi/DIN and
DSi/DIP, while the highest values were observed in June 2016 for DIN/
DIP and September 2017 for DSi/DIN and DSi/DIP (Fig. 3d, e and f).

The horizontal distributions of DIN, DIP and DSi are shown in Figs.
S3 and S4. During the study period, DIN was higher in the inshore zones
than the offshore zones except in August 2016 and May 2017 (Figs.
S3a–f and S4a-f), with the maximum value being at Site Y-1 off the
Yangting River mouth in the bottom water in August 2017 (Fig. S4e),
indicating the effects of terrestrial input on DIN dynamics; however, the
high DIN values were mainly found in the offshore zone in August 2016
with the highest concentration of 20.5 μmol l−1 being recorded at Site
Y-6 (Figs. S3b and S4b). As for DIP, the high values in the surface water
were found in inshore zones in May and August 2016 and November
2017 (Figs. S3g and h and l), which were different from those in other
months; however, in the bottom water, the high DIP values were mainly
observed in the offshore zone in August and November (Figs. S4h, i, k
and l). As can be seen from Fig. S3m-r and S4m-r, the concentrations of
DSi increased gradually seaward in August 2016 (Fig. S3n and S4n),
which was consistent with the distribution of DIN; its concentrations
had seaward decreasing trends in May and August 2017 (Fig. S3p, q and
S4p, q); in other months, there was no obvious distribution pattern of
DSi.

Fig. S5 shows the spatial distributions of DIN/DIP, DSi/DIN and
DSi/DIP molar ratios in the surface water. In May 2016 and November
2017 (Figs. S5a and f), the values of DIN/DIP were higher in the inshore
patches than the offshore patches, with the highest values being re-
corded at Site X-1 near the sewage outlet and the Xin'an River mouth,
and its high values were mainly distributed at the spot near the Nian
and Yangting River mouths in November 2016 (Fig. S5c), indicating the
influence of human activities from land on DIN/DIP dynamics. How-
ever, the high values appeared in the outer parts in August 2017 (Fig.
S5e), which was probably caused by microbial activity and the intru-
sion of water from the outside of the study area. In contrast, the values
of DIN/DIP were low and varied spatially in a narrower range in May
2017 (Fig. S5d).

In May 2016, the DSi/DIN ratio was higher in the offshore zone than
the inshore zone (Fig. S5g), which was contrary to that of May and
August 2017 (Figs. S5j and k). However, the high values of DSi/DIN
ratio were distributed in the central zone in August 2016 (Fig. S5h) and
November 2017 (Fig. S5l). As for DSi/DIP, the relatively high values
were found in the inshore patches in May 2016 and 2017 (Fig. S5m and
p) and August and November 2017 (Fig. S5q and r), which was contrary
to that of August and November 2016 (Fig. S5n and o).

4. Discussion

4.1. Nutrient regimes

4.1.1. Nutrient concentration and composition
During the study period, nutrient concentrations presented obvious

seasonal variations due to the influence of complex hydrological and
biochemical conditions. According to the Standard of Seawater Quality
of China GB3097-1997 (Table S1), the DIN and DIP values met the first-
class seawater standards. Table 3 summarizes the values of nutrients in
some coastal waters in China. In comparison, the concentrations of DIN
and DIP (Fig. 3a and b) in this study were comparable to those found in
most of the coastal waters listed in Table 3, while the DSi (Fig. 3c)
values were lower than those coastal waters. In addition, the spatial
variations of dissolved inorganic nutrients were relatively insignificant
in different months, which could be influenced by multiple factors, such
as terrestrial and adjacent sea inputs, phytoplankton reproduction and Ta
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organic matter decomposition (Hao, 2010; Cui et al., 2013).
The nutrient concentrations and their molar ratios have an im-

portant impact on the growth, reproduction and species composition of
the phytoplankton, because different algal species have different re-
quirements for nutrients (Yunev et al., 2007). Studies of nutrient uptake
kinetics have shown that the threshold values for phytoplankton growth
are DIN=1 μmol l−1, DIP=0.1 μmol l−1, DSi= 2 μmol l−1 (Nelson
and Brzezinski, 1990; Justi et al., 1995). Based on these threshold va-
lues, the DSi was the most limiting element for phytoplankton growth
in May and June 2016.

As for nutrient ratios, they could be used to infer the potential nu-
trient limitation, as well as changes in the phytoplankton community
assemblage (Santos and Eyre, 2013; Fan et al., 2014; Wang et al., 2014).
It is well known that N and P enrichment may lead to deficiency of
dissolved Si, hence, limit diatom growth, and result in food web
changes in aquatic systems (Humborg et al., 2000; Samuelsson et al.,
2002). In addition, when P is deficient and N is sufficient, the dominant
species of phytoplankton communities readily change from diatoms to
dinoflagellates (Richardson, 1997; Conley et al., 2008). Based on pre-
vious research (Nelson et al., 1990; Dortch et al., 1992), Justic et al.
(1995) proposed a criterion for evaluating the growth limitation of each
nutrient to primary producers in coastal waters: if DSi/DIP > 22, DIN/
DIP > 22, P would be the limiting nutrient; if DIN/DIP < 10, DSi/
DIN > 1, N would be the limiting nutrient; and if DSi/DIP < 10, DSi/
DIN < 1, then Si would be the limiting nutrient. In this study, the
growth of phytoplankton was potentially limited by P and Si from May
to June 2016, while it was potentially limited by P in November 2016.
In May 2017, N obviously stimulated the phytoplankton growth.
However, no potential nutrient limitation was observed in other months
(Fig. 3d, e and f).

4.1.2. Potential eutrophication assessment model and trophic index
In order to highlight the limiting characteristics of nutrients, the

potential eutrophication evaluation model proposed by Guo et al.
(1998) was used for the evaluation of the nutritional status in the study
area (Table 1). The results showed that the surveyed area was char-
acterized by oligotrophic level, which was basically consistent with the
relevant research results in Xing et al. (2013).

In this study, the values of TRIX ranged from 2.64 to 6.28 with an
average of 4.57, which was comparable to the values reported for other
marine areas listed in Table 4. The seasonal maximum value 5.07 was
obtained in November 2016 and the minimum value 4.03 was obtained
in June 2017 (Fig. 5). Overall, the trophic status was rated at the
medium level, characterized by moderately productive waters (Fig. 5).
Spatially, the trophic status showed a clear variation (Fig. S6). In May
2016 and August 2017 (Figs. S6a and d), the TRIX values were gen-
erally high in the inshore patches, indicating the relatively poor water
quality, which could be attributed to the great influence from human
activities (Han and Liu, 2014). In contrast, the TRIX values were higher

in the offshore regions than the inshore regions in other months (Fig.
S6b, c and e).

4.2. Factors influencing the seasonal nutrient variations

From March 2016 to November 2017, the concentrations of DIN,
DIP and DSi varied spatially and temporally (Fig. 3), which were es-
sentially attributed to the differences in sources and consumption of
nutrients. The sources of nutrients to the coastal waters of the northern
Shandong Peninsula mainly include river and sewage inputs, atmo-
spheric deposition, the adjacent sea input and biological input, while
the uptake by algae and removal by scallop harvest may be responsible
for the decrease in dissolved nutrients.

4.2.1. River and sewage inputs
In the study area, there are several small seasonal rivers along the

coastline, and a sewage outlet is located near the sampling site X-1,
with the total freshwater fluxes of ∼89.5×106m3 yr−1 (Table 5),
accounting for 0.7% of the total volume of seawater, which could play a
significant role in nutrient dynamics in the surface water.

As shown in Fig. 6, there were significant positive linear relation-
ships between salinity and DIN in the surface water in May and No-
vember 2016 (R2=0.328, P < 0.01; R2=0.173, P < 0.05) and May
2017 (R2= 0.436, P < 0.001). For the DIN constituents, there were
significant positive linear relationships between salinity and NO3

− in
the surface water in November 2016 (R2= 0.128, P < 0.05) and May,
August and November 2017 (R2=0.714, P < 0.001; R2=0.165,
P < 0.05; R2=0.502, P < 0.001) (Fig. 6d and Table S2). However,
no significant correlation between salinity and NH4

+ and NO2
− was

found in this study. As for salinity and DSi, there were significant po-
sitive linear relationships in August 2016 and 2017 (R2=0.367,

Table 4
The values of TRIX in this study and some other seas.

Location Sampling time TRIX Reference

Range Mean

Coastal waters around the Yangma Island Mar. 2016–Nov. 2017 2.64–6.28 4.57 This study
Yellow and East China Seas Jul. 2013 2.66–7.32 5.65 Sun and Su (2016)

Jun. and Nov. 2013 3.87–7.32 5.68 Liu (2015)
Yellow and Bohai Sea Jun. and Nov. 2013 3.03–6.72 5.62 Liu (2015)
East China Sea Jul. 2013 and Jun. 2014 3.87–6.79 5.39 Liu (2015)
Black Sea 1995 3.7–8.6 nd Moncheva et al. (2001)
Caspian Coast 1982–1993 4.04–6.08 nd Shahrban and Etemadshahidi (2010)
Gulf of Mexico 2002–2006 2.41–6.02 nd Herrera-Silveira and Morales-Ojeda, (2009)
Tyrrhenian Sea 2000 nd 4.17 Giovanardi and Vollenweider (2004)
Italian Coast 2001–2003 2.99–6.03 nd Pettine (2007)

nd: no data.

Fig. 5. TRIX index values in the surface water in different months.
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P < 0.01; R2=0.335, P < 0.01) (Fig. 6m and Table S2). However,
DIP had no significant correlation with salinity in all months. These
demonstrate that the river/sewage inputs could be a main factor in the
spatial variation of NO3

− and DSi, while they had a weak influence on
the spatial variation of DIP.

The terrestrial surface input of dissolved nutrients can be estimated
by the annual total river water and sewage discharge with nutrient
concentrations. Nutrient concentrations vary considerably, depending
on specific streams and forms of nutrients. Given that the rivers are

characterized by seasonal freshwater discharge and anthropogenic
disturbance, there could be a great uncertainty in the estimation of
annual nutrient input from land (Liu et al., 2005). Generally, the local
rainfall is the main factor affecting the freshwater fluxes. In recent
years, the average annual rainfall in study area is ∼764mm, of which
∼70% occurs between June and September (http://www.muping.gov.
cn/col/col13042/index.html). In this study, the data of river and
sewage discharge was obtained from March to November (Table 5).
Based on these data, the terrestrial surface inputs of DIN, DIP and DSi

Fig. 6. Scatter plots of nutrients vs. the salinity, Chl a and DO.
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were estimated to be 3.02× 103, 0.25× 103 and 0.87×103mol km−2

yr−1, respectively. Among them, the input of the Xin'an River and the
sewage was dominant, accounting for 65.6% and 23.8% for DIN, 66.2%
and 26.8% for DIP and 31.1% and 52.6% for DSi of the total flux, re-
spectively.

In recent decades, submarine groundwater discharge (SGD) has
been found to be an important channel for the supply of dissolved
nutrients in some marine areas (Slomp and Van Cappellen, 2004; Lee
et al., 2009; Rodellas et al., 2015; Cho et al., 2018). The relationships
between salinity and the measured nutrient parameters in the bottom
water indicated that the salinity had no significant correlation with
nutrients in all months except March 2016 (Table S2). So SGD may be a
minor influencing factor in the biogeochemistry of nutrients in this
area. Besides, data about SGD were completely unavailable in this study
area because no related research was carried out, therefore the influ-
ence of SGD on the nutrient biogeochemistry was not included in this
study.

4.2.2. Atmospheric deposition
Atmospheric deposition is important not only because of its mag-

nitude, but also because the mix of atmospheric nutrients, like other
nutrient sources, can stimulate the disproportionate growth of some
phytoplankton species over others (Zhang et al., 2007). Experimental
manipulations have shown that the rainwater can enhance primary
productivity more than the addition of a single form of nitrogen (Paerl,
1997). The high proportion of DON in rainwater, accounting for up to
40% of its total N, is thought to be significant in this enhancement
(Paerl, 1997).

Algal blooms in the Yellow Sea of China, which have escalated in
frequency over the past several decades, have been reported to be re-
lated to atmospheric deposition in addition to direct nutrient runoff
(Zhang, 1994). It is estimated that a typical rain event over the Yellow
Sea may supply sufficient N, P and Si to account for 50–100% of the
primary production of an algal bloom event (Zhang, 1994). Chung et al.
(1998) showed that the contribution of atmospheric nitrogen might
account for 17–37% of the nitrate requirement for annual new pro-
duction in the Yellow Sea. For external sources (riverine and atmo-
spheric inputs), Liu et al. (2003) indicated that atmospheric input
supplied 93% of NH4

+ and 68% of DIP for the Yellow Sea. Han et al.
(2013) estimated that atmospheric depositions of NH4

+, DIN, DSi and
DIP accounted for 87%, 47%, 3% and 53% of external sources (atmo-
spheric depositions and riverine influx), respectively. According to the
results in relevant literature (Zhang, 2004; Bi, 2006; Zhu, 2011; Han
et al., 2013; Duan et al., 2016), the total nutrient fluxes in this study
area from atmospheric deposition were estimated to be 117.8× 103,
0.75×103 and 2.23×103mol km−2 yr−1 for DIN, DIP and DSi
(Table 5).

4.2.3. Inputs from the adjacent seas
The study area is located in the southwest of the NYS. The nutrients

can be transported from the BS to the NYS by the Lubei Coastal Current
(Fig. 1), whereas exchange between the NYS and the SYS is through the
Yellow Sea Warm Current. The input flux of seawater from the BS to the
NYS was 52.2×109m3 yr−1 (Hong, 2012). The water volume in the
study area is about 12.9× 109m3, accounting for ∼1/230 of the vo-
lume of the entire NYS. It was assumed that the seawater in the NYS
was evenly distributed, and the seawater flux from the BS into the re-
search area was about 2.27×108m3 yr−1. The mean DIN, DIP and DSi
concentrations in the BS water, namely 12, 0.26 and 8.4 μmol l−1

(Song, 2009; Zhou et al., 2017), were used for the calculation of the
dissolved nutrient influxes from the BS to the study area and the results
were 4.10× 103, 0.09×103 and 2.87×103mol km−2 yr−1 for DIN,
DIP and DSi, respectively (Table 5). Another major sea input to the
study area was SYS. The input flux of seawater from the SYS to the
study area was estimated to be 12.61×108m3 yr−1 (Hong, 2012). The
mean DIN, DIP and DSi concentrations in the SYS of 4.47, 0.45 and

11 μmol l−1 (Liu et al., 2003; Song, 2009; Yu, 2014) were used to cal-
culate the dissolved nutrient influxes from the SYS to the study area and
the results were 8.49×103, 0.85×103 and 20.89×103mol km−2

yr−1 for DIN, DIP and DSi, respectively (Table 5).
The output flux of seawater from the study area to the BS and the

SYS were estimated to be 2.17×108 and 14.04×108m3 yr−1 (Hong,
2012). The mean DIN, DIP and DSi concentrations throughout the in-
vestigation in the study area, namely 7.1, 0.43 and 3.03 μmol l−1, were
used for the calculation of the dissolved nutrient outputs from the study
area to the BS and the SYS. The results indicated that
2.32×103mol km−2 DIN, 0.14× 103mol km−2 DIP and
0.99×103mol km−2 DSi could be transported from the study area to
the BS each year and 15.02× 103mol km−2 DIN, 0.91×103mol km−2

DIP and 6.41×103mol km−2 DSi could be transported from the study
area to the SYS each year (Table 5). Therefore, in the process of ex-
change with the BS and the SYS, the study area was a net output of DIN
and DIP and their fluxes were 4.75×103 and 0.11×103mol km−2

yr−1, respectively. However, it was a net input of DSi with a flux of
16.36×103mol km−2 yr−1.

4.2.4. Regeneration of nutrients by respiratory activity
The regeneration of nutrients by the respiratory activity of marine

organisms is also a process of critical importance to the maintenance of
life in the sea (DePinto et al., 1977). It is axiomatic that when algal cells
die and are decomposed, some nutrients are released to the surrounding
environment. Along with many other biogeochemical processes, this
process can have a marked effect on the dynamic seasonal succession of
phytoplankton as well as the total biomass at any point.

The simplest model for nutrient regeneration is the stoichiometric
model. Models of this type have been successfully applied to the study
of the ocean by Redfield (1963) to describe the aerobic decomposition
of marine plankton, which is a complex process that involves physical,
chemical and biological interactions. When the process as a whole
reaches its thermodynamic reaction balance, the chemical composition
concerned can be expressed as (CH2O)106 (NH3)16H3PO4+ 138O2 →
106CO2+122H2O+16HNO3+H3PO4. If O2 is available, the most
important respiration process is aerobic or via O2 consumption, and the
equation predicts that the consumption of 276 oxygen atoms results in
the production of 16 nitrogen atoms, and 1 phosphorus atom. However,
if NH4

+ is the end product, aerobic decomposition of organic matter,
i.e. (CH2O)106 (NH3)16H3PO4+106O2 → 106CO2+108H2O+
16NH3+H3PO4, results in the consumption of every 212 oxygen atoms
for the generation of 16 nitrogen atoms and 1 phosphorus atom
(Alvarez-Borrego et al., 1975). For the evaluation of the in situ pro-
duction rate of nutrients from the respiration process, the relationships
between nutrients and DO in the bottom water were discussed in this
study.

Fig. 6 shows the relationship between DO and nutrients in the
bottom waters in different seasons. In the present study, no significant
correlations were found between DO and nutrients, which could be
explained by the following two reasons. First, some of the nutrient ions
formed by bacteria decomposition were adsorbed on suspended parti-
culate solids and thus did not appear in the solution (Stevenson and
Cheng, 1972); second, the complex biomineralization process yielded
much organic nutrients instead of inorganic nutrients (Qualls and
Richardson, 2003; Jone et al., 2004).

4.2.5. Nutrient uptake by phytoplankton
Phytoplankton is the most important nutrient consumer in the sea,

which transforms dissolved nutrients into particulate matter (Cowan
and Boynton, 1996). In this research, the monthly mean value of Chl a
in the surface water increased from spring to summer with the highest
value of 8.19 μg l−1 being recorded in August 2016, and then decreased
from summer to autumn with the lowest value of 0.51 μg l−1 being
recorded in November 2016 (Fig. S2). For the nutrients, overall, the
highest values of DIN, DIP and DSi were observed in autumn and the
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lowest values of them were recorded in summer (Fig. 3), reflecting that
the phytoplankton reproduction significantly affected the nutrient
concentrations (Cowan and Boynton, 1996).

Spatially, there were significant linear relationships between Chl a
and DIN in the surface water in May, August and November 2016
(R2=0.126, P < 0.05; R2= 0.292, P < 0.05; R2= 0.603,
P < 0.001) and May 2017 (R2=0.292, P < 0.05) (Fig. 6b; Table S2).
For Chl a and NO3

−, significant linear relationships between them were
observed in the surface water in May, August and November 2016
(R2=0.631, P < 0.001; R2= 0.731, P < 0.001; R2= 0.621,
P < 0.001) and May and August 2017 (R2= 0.670, P < 0.001;
R2=0.444, P < 0.001) (Fig. 6e; Table S2), indicating the promoting
effect of nitrate on the growth of phytoplankton in these months.

In addition, DIP had significant linear relationships with Chl a in
May and August 2017 (R2=0.564, P < 0.001; R2=0.469,
P < 0.001) (Fig. 6k; Table S2). For Chl a and DSi, there were sig-
nificant linear relationships for them in May and November 2016
(R2=0.324, P < 0.001; R2= 0.259, P < 0.001) and May and August
2017 (R2=0.121, P < 0.05; R2=0.291, P < 0.01) (Fig. 6n; Table
S2), reflecting the promoting effect of DSi on the growth of phyto-
plankton.

4.2.6. Effects of scallop culture on nutrient biogeochemical cycles
Chlamys farreri, an important edible bivalve species also known as

the Chinese scallop, is the most aquacultured species in this region, and
the cultivation method is mainly raft culture, which covers an area of
about 150 km2, namely ∼23% of the surface area of the study area.
Such large-scale scallop aquaculture inevitably has a significant impact
on the concentration and structure of nutrients. On one hand, a large
amount of N and P can be removed through bivalve harvesting (Troell
et al., 2009). Zhou et al. (2002) estimated that a total of 600 t yr−1 of N
and 39.4 t yr−1 of P were removed by scallop production in the Sishili
Bay, which is next to the west of the study area (Fig. 1). On the other
hand, bivalve aquaculture plays a major role in nutrient regeneration in
coastal ecosystems, provides essential needs for primary producers
through rapid and efficient recycling of inorganic N and P and increases
the risk of harmful algal blooms at local scales (Magni et al., 2000;
Pietros and Rice, 2003; Newell, 2004). Cui et al. (2005) reported that,
during summer, about 3.36 t of NH4

+ and 0.42 t of DIP were released
through bivalve excretion in the Sishili Bay. Li et al. (2016) estimated
that a total of 11.7× 106 and 0.68× 106mol of DIN and DIP were
excreted by shellfish each year in the Sanggou Bay, China.

According to the survey results in Niu (2014), the amounts of DIN
and DIP excreted by scallops were about 2.48 and 0.049 μmol ind−1

h−1. In general, the growth cycle of scallops is about 200 days, which is
from May to November. In addition, the annual production of scallops

in the surveyed area is ∼1.2× 105 tons (http://tjj.yantai.gov.cn/col/
col118/index.html), about 5×109 ind. Based on these data, the total
amounts of DIN and DIP excreted by scallops in the study area were
estimated to be 73.8×103 and 1.6× 103mol km−2 yr−1, respectively.
Compared with the terrestrial surface input and atmospheric deposi-
tion, scallop excretion was the main source of DIP in the study area.

4.2.7. Exchange fluxes of nutrients between sediment-water interface
Exchange of nutrients between sediment-water interfaces is one of

the important ways for the supply and removal of nutrients in seawater
(Liu et al., 2003, 2005). Zhao et al. (2016) reported that about
350× 109mol yr−1 of DIN and 0.96×109mol yr−1 of DIP were re-
leased from sediment in the Yellow and Bohai Seas, which provides a
significant source of nutrients for the overlying water to support pri-
mary production. Liu et al. (2003) found that sediment release was the
main source of NO3

− and DSi in the Yellow Sea, which accounted for
83.6% and 85.0% of total nutrient input, including river input, atmo-
spheric deposition and sediment-sea exchange.

The exchange fluxes of nutrients between sediment and the over-
lying seawater in the study area were determined by Gao (2019) based
on incubation experiments, and the benthic nutrient fluxes are shown in
Table 5. The results indicated that sediment was a source for DIP and
DSi, with the fluxes of 2.81× 103 and 434.92× 103mol km−2 yr−1,
respectively; however, it was a sink for DIN, with the flux of
83.11×103mol km−2 yr−1. Compared with the terrestrial surface
input, atmospheric deposition and scallop excretion, sediment release
was the main source of DIP and DSi supplementation.

4.2.8. The budgets of dissolved N, P and Si
A steady-state box model based on the LOICZ approach (Gordon

et al., 1996) was used for the construction of the nutrient budgets from
non-conservative distributions of nutrients and water budgets. The data
of terrestrial surface input (sewage outlet, Xin'an River, Yuniao River,
Qinshui River and Yangting River), atmospheric deposition, exchanges
with the BS and the SYS, scallop excretion and exchanges across the
sediment-water interface (Table 5; Fig. 7) were included in the mass
balance calculation of dissolved N, P and Si.

For all inputs, DIN load was mainly from atmospheric deposition
and scallop excretion which accounted for 56.9% and 35.6%, respec-
tively. DIP was mainly from scallop excretion and sediment release,
which contributed to 25.2% and 44.3% of the total input. For DSi, se-
diment release was the main source, accounting for 94.2% (Table 5;
Fig. 7). In addition, about 136.7×103mol km−2 yr−1 of DIN,
7.3×103mol km−2 yr−1 of DIP and 485.5×103mol km−2 yr−1 of
DSi could be converted into other forms, e.g. organic and particulate
matter and gas species.

Fig. 7. Box model showing the nutrient budgets of
the coastal waters of the northern Shandong
Peninsula. The positive and negative values indicate
the input and output of nutrient to the system, re-
spectively (× 103mol km−2 yr−1). Subscripts T, A,
Ex, BS, SYS and S represent the terrestrial surface
input, atmospheric deposition, scallop excretion,
Bohai Sea, South Yellow Sea and sediment.
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5. Conclusions

Exploring the biogeochemical cycle of nutrients in the coastal wa-
ters is an important step toward understanding the regional material
cycling and environmental evolution and protection. This study focused
on the concentrations, compositions, behavior, and biogeochemical
dynamics of dissolved nutrients in a seasonally hypoxia-influenced
coastal water ecosystem from March 2016 through November 2017.
The results indicated that the concentrations of DIN, DIP and DSi
generally presented significant seasonal variations and were the highest
in July 2016 for DIN and November 2016 for DIP and DSi. For nitrogen
compounds, DIN was mainly dominated by NO3

−, which accounted for
28–74% (mean 58%) of DIN during the study period, followed by NH4

+

(21–64%, mean 38%). As a whole, in the study area, the growth of the
phytoplankton from May to June 2016 was potentially limited by P and
Si, the growth of phytoplankton in November 2016 was potentially
limited by P, while N could obviously stimulate the phytoplankton
growth in May 2017. The results of nutrient budgets showed that
human activities play an important role in the biogeochemistry of DIN
and DIP, but have a little impact on that of DSi. In addition, massive
scallop farming, which transformed huge amount of dissolved inorganic
nutrients uptaken by primary producers into seafood and other parti-
culate and dissolved organic matter, could be to a large extent favorable
for the oligotrophic condition of seawater in this area, yet this was not
quantitatively analyzed in present study. Therefore, further studies
taking more factors into account are needed for a better understanding
of the nutrient cycle in this area.
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