:' frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

Jianfeng Feng,
Nankai University, China

Yanbin Li,

Ocean University of China, China
Peng Zhang,

Guangdong Ocean University, China

Dawei Pan
dwpana@yic.ac.cn

14 May 2024
19 July 2024
06 August 2024

Rahman MA, Pan D, Lu Y and Liang Y (2024)
Spatial-temporal distribution and
eutrophication evaluation of nutrients and
trace metals in summer surface seawater of
Yantai Sishili Bay, China.

Front. Mar. Sci. 11:1432566.

doi: 10.3389/fmars.2024.1432566

© 2024 Rahman, Pan, Lu and Liang. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

Original Research
06 August 2024
10.3389/fmars.2024.1432566

Spatial-temporal distribution
and eutrophication evaluation
of nutrients and trace metals
in summer surface seawater of
Yantai Sishili Bay, China

Md. Abdur Rahman™?, Dawei Pan“%*, Yuxi Lu*? and Yan Liang™?

*CAS Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Shandong Key
Laboratory of Coastal Environmental Processes, Research Center for Coastal Environment
Engineering Technology of Shandong Province, Yantai Institute of Coastal Zone Research, Chinese
Academy of Sciences, Yantai, China, ?College of Marine Science, University of Chinese Academy of
Sciences, Beijing, China

Due to coastal development expansion, an increasing influx of pollutants enters the
sea through riverine input and land runoff, threatening coastal ecosystems and
posing a risk of eutrophication. In this study, trace metals (Fe, Mn, Cu, and Zn), and
nutrients (constituents of N, P, and Si) were assessed in the summer surface seawater
of Yantai Sishili Bay (YSB), Northern China focusing on the determination of
concentration, spatial-temporal distribution and sources identification,
while exploring their correlations. It also aimed to clarify the eutrophication status
and evaluate the linear relationships between eutrophication, trace metals, and
nutrients in YSB. Over three years (2021-2023), the total dissolved concentrations of
Fe, Mn, Cu, and Zn ranged from 4.79-26.71, 0.19-6.41, 0.26-153, and 0.74-13.12
pg/L, respectively. Concurrently, nutrient concentrations including NO,", NOs,
NH,*, PO,*>, and DSi exhibited a range of 0.37-11.66, 2.04-178.30, 1.69-70.01,
0.02-16.68, and 0.02-0.71 pg/L respectively. These concentrations revealed a
gradual decrease from nearshore to offshore and the temporal variation also
showed significant patterns from year to year, indicating distinct regional
variations. The primary contributors to the trace metals and nutrients in the study
region were recognized as external contributions stemming from natural,
anthropogenic, and atmospheric deposition through correlation and principal
component analysis. More specifically, riverine input and coastal farming
contributed large amounts of nutrients to coastal waters, threatening a potential
risk of eutrophication. The eutrophication evaluation expressed below the mild
eutrophication level and was far lower than the other global and Chinese bays. The
linear correlation between eutrophication and trace metals revealed a weak positive
correlation but a significant correlation with nutrients. Despite the absence of
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significant eutrophication in the bay, potential risks were identified due to identifiable
sources of nutrient and trace metal inputs. The findings provided insights to guide
efforts in preventing and mitigating coastal eutrophication, as well as nutrient and
trace metal pollution, in coastal cities.
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1 Introduction

Eutrophication has been recognized as a primary cause of algal
bloom (Manic et al., 2024) and that refers to the phenomenon where
the rapid proliferation of algae in oceanic waters, stimulated by the
enrichment of nutrients, disrupts the equilibrium and stability of the
marine ecosystem, impacting the seawater quality (Garmendia et al,
2012). This abnormal surge in primary productivity, particularly the
proliferation of phytoplankton, serves as the primary substance for
eutrophication (Pavlidou et al,, 2015). As the marine economy expands
swiftly and coastal zone development intensifies, the discharge of
significant volumes of industrial effluents, aquaculture waste
including nitrogen, phosphorus, and to some extent silica, household
sewage, and the application of pesticides and fertilizers continuously
introduce nutrients into coastal waters, thus fueling the rapid growth of
phytoplankton (Islam and Tanaka, 2004; Manic et al., 2024).
Phytoplankton is a significant constituent of the marine food web,
particularly during the spring and summer seasons (Deppeler and
Davidson, 2017) and the pivotal driver of trace metals and nutrient
cycles (Sunda and Huntsman, 2000). The variations in the
concentration and ratio of major nutrients and trace metals can
result in diverse plankton community compositions, potentially
leading to the formation of algal blooms (Manic et al., 2024).

Nutrients such as nitrogen (N) and phosphorus (P) are essential for
the vital life processes of marine phytoplankton and are also the
primary limiting factors influencing the growth. Nitrogen plays an
essential metabolic role in phytoplankton physiology, acting as a
foundational element for various cellular components such as nucleic
acids, proteins, and chlorophyll, which are vital for algal growth and
biomass production (Yodsuwan et al., 2017; Reich et al., 2020). Various
nitrogen enrichment experiments have observed high cell densities and
accelerated growth rates of different microalgal species (Yodsuwan
et al, 2017; Longo et al,, 2020). Additionally, shifts in phytoplankton
community structure were observed due to elevated nutrient input,
primarily N (Li et al., 2015b). Similarly, P plays a critical role in cellular
metabolism, especially in processes involving energy transfer, nucleic
acid synthesis, and the structure of cell membranes (Wagner et al,
2021). Moreover, P is integral to cell membranes, phospholipids, and
diverse cellular molecules that enhance the integrity and fluidity of cell
membranes. These metabolic roles underscore its importance as a
limiting nutrient in marine ecosystems, impacting phytoplankton
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productivity and ecosystem dynamics (Lin et al, 2016; Paerl et al,
2016). Additionally, silicon (Si) is an indispensable nutrient for the
growth of diatoms in coastal waters (Cao et al,, 2020) that exerts a
substantial influence on the community structure of phytoplankton
(Derry et al., 2005). Si plays a more species-specific role in
phytoplankton, particularly in diatoms. It acts as a structural
component of their frustules, which are external siliceous cell walls
providing mechanical support and protection from predators. These
siliceous structures also control the uptake and transport of essential
nutrients such as N, P, and C through specialized silica transporters
(Martin-Jezequel et al.,, 2000). Si metabolism is intricately connected to
photosynthesis and carbon fixation processes in phytoplankton,
thereby influencing primary productivity and the biogeochemical
cycling of nutrients in aquatic ecosystems (Yool and Tyrrell, 2003;
Treguer and De La Rocha, 2013).

In parallel, trace metals exist in various chemical forms, impacting
their chemistry, biological accessibility, and role as limiting nutrients
(Sunda and Huntsman, 1998). Most metals exist as cations bound to
inorganic or organic ligands. Essential trace elements like iron (Fe),
manganese (Mn), copper (Cu), and zinc (Zn) can exist in multiple
oxidation states, leading to diverse energy requirements and reaction
rates that influence their bioavailability (Sunda, 1994; John and Sunda,
2019). The chemical forms of these trace metals in the water column
influence their biological accessibility for phytoplankton uptake and
assimilation (Sunda, 2006). Trace elements are crucial for
phytoplankton growth and metabolism, leading to diverse
productivities in ocean basins, coastal areas, and other aquatic
ecosystems. An increasing body of research illustrates the functions
of essential trace metals like Fe, Mn, Cu, and Zn as catalytic centers or
structural supports in enzymes participating in various biochemical
pathways (Lane and Morel, 2000; Wolfe-Simon et al., 2005; Morel et al.,
2006; Ji and Sherrell, 2008; Twining and Baines, 2013). Most trace
metals, such as Fe, Min, Cu, and Zn, exhibit a nutrient-like distribution
pattern akin to macronutrients (Duan et al., 2010; John and Sunda,
2019). Fe is widely acknowledged as a crucial micronutrient that
restricts phytoplankton productivity in extensive oceanic areas (Rue
and Bruland, 1995), primarily due to the significant Fe demands of
diverse phytoplanktonic species (Morel et al, 2006). Fe serves as a
cofactor for a broad array of essential enzymes crucial for diverse
metabolic processes. It is essential to the structure and function of
pigments, electron transport systems, and other elements of
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photosynthetic machinery. The involvement of iron in enzymes critical
for photosynthetic functions and various metabolic processes,
including nutrient uptake and assimilation, highlights its importance
in meeting the universal needs of phytoplankton for Fe (Rue and
Bruland, 1995). Mn is predominantly utilized in photosynthesis,
respiration, and antioxidant defense mechanisms. These roles
influence the growth rates, biomass production, and ultimately the
bloom dynamics of phytoplankton species (Peers and Price, 2004). The
depletion of Mn leads to the restriction of the growth of phytoplankton
(Facey et al., 2022). Cu has long been recognized as a vital nutrient for
phytoplankton growth. Phytoplankton sensitivity to elevated Cu
concentrations is evident from reduced population growth as Cu
levels increase. Marine and estuarine phytoplankton populations
have shown susceptibility to high Cu concentrations, exhibiting
toxicity (Li, 2011; Couet et al,, 2018; Long et al., 2019, 2023). Copper
significantly decreases the diversity of phytoplankton and may cause
reductions in phytoplankton diversity and productivity (Rodgers et al,,
2010). Zn is widely recognized as a crucial micronutrient owing to its
role in metalloenzymes essential for photosynthesis, protein synthesis,
and antioxidant functions. Zn is observed to be indispensable for the
growth of marine phytoplankton species (Rhodes et al., 2006). While
numerous physiological functions supported by Zn facilitate growth
and alleviate oxidative stress, elevated Zn concentrations can still
hinder phytoplankton growth (Burger et al., 2022). Zn levels in the
environment are significantly influenced throughout the development,
duration, and decline of algal blooms. Studies have confirmed that
phytoplankton uptake reduces Zn concentrations at the onset of an
algal bloom (Jin et al,, 2019). The intricate interaction between trace
metals and nutrients suggests that their concentrations are regulated by
the uptake processes in phytoplankton (Saito et al., 2017; Till et al,
2017; Middag et al.,, 2020). Therefore, N, P, and Si serve as pivotal
indicators of eutrophication status within coastal ecosystems (Middag
et al, 2020). The experimentation tools for the relationship of trace
metals and nutrients with eutrophication as well as the interactions
between them are needed to understand a bay’s water chemistry and
the changes in ratios, nutrient enrichment, algal growth,
eutrophication, limiting factors, etc.

The complex interplay between eutrophication, nutrients, and
trace metals in seawater represents a critical concern in contemporary
marine environmental science, yet current evidence on these
interactions remains insufficient and not fully comprehensible (Al-
Mur, 2020). Limited temporal and spatial data, along with challenges
in achieving clean sampling and accurate analytical procedures,
hinder a deeper understanding of the relationships among trace
metals, nutrients, and eutrophication in coastal regions. Recent
scholarly endeavors have advanced our knowledge of the
spatiotemporal distribution of these elements and the underlying
chemistry of eutrophication (Peng, 2015; Al-Mur, 2020; Lin et al.,
20205 Zhang et al., 2023; Li et al., 2024). Numerous studies have
examined the distribution (Lu et al, 2020), concentration (Hong
et al., 2018), species (Nakaguchi et al., 2020; Pan et al., 2020), and
spatial-temporal distribution (Wang et al., 2012, 2015; Li et al., 2017;
Liang et al., 2022, 2024) of trace metals. Similarly, the distribution and
structure (Zhang and Gao, 2016), spatial-temporal variations (Xu
etal, 2018), spatial distributions (Jiang et al., 2019) of nutrients, along
with eutrophication levels (Wei et al., 2022), spatiotemporal variation
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(Luo et al, 2022), trophic status (Zhou and Wang, 2024), and
phytoplankton variation (Wang et al., 2022) have been
comprehensively studied across various coastal bays of Yellow Sea,
East China Sea and Bohai Sea. Despite the growing focus on trace
metals, nutrients, and eutrophication in coastal areas worldwide, the
correlation among these factors remains under-documented in the
coastal waters of China (Lin et al., 2020). Even within the context of
studies conducted on YSB and other bays, investigations into trace
metals, nutrients, and eutrophication have often been conducted
separately, lacking an established linear relationship among them.
Research on dissolved trace metals, nutrients, and eutrophication has
predominantly concentrated on surface seawater, with scant attention
paid to the differences in the distribution of these elements and their
interactions across different depths. Consequently, the distribution
and eutrophication risk of dissolved trace metals and nutrients in
coastal areas remain poorly understood. Moreover, the intricate
relationship among these factors has yet to be fully explored. This
study focused on bridging these research gaps by examining the
relationship between trace metals, nutrients, and eutrophication in
YSB. This investigation aimed to provide a comprehensive
understanding of the spatial and temporal distribution of these
elements, their interactions, and the resultant eutrophication risks.
The significance of this study lies in its potential to inform better
management practices and policy decisions aimed at mitigating
pollution and promoting the sustainability of coastal marine
environments. By elucidating the complex dynamics among trace
metals, nutrients, and eutrophication, this research contributed to the
broader field of marine environmental science and supported efforts
to preserve the ecological health of coastal waters.

YSB is situated on the southern coast of the Yellow Sea in China,
where industrial, agricultural, aquacultural, fishing, tourism, mining,
and other activities have been intertwined for decades. The extensive
coastline offers YSB opportunities for marine development; however, it
also leads to the inevitable release of pollutants into the water.
Agricultural practices, aquaculture wastewater, industrial wastewater
discharge, riverine inputs, and atmospheric aerosol deposition
continually transport pollutants from inland areas into the ocean
(Wang et al., 2016; Kelly et al,, 2021). Simultaneously, Yantai serves
as a significant region for fertilizer production in China, raising
concerns about the extensive manufacturing and application of
fertilizers (Wang et al., 2016) as well as YSB serves as an important
spawning area for fish, shrimp, crab, and shellfish, and it primarily
cultivates seafood for the local community, with scallops being a
significant focus. Nutrients and trace metals stemming from marine
economic activities, aquaculture, and inland transportation pose risks
of eutrophication and ecological harm to Yantai Sishili Bay. Moreover,
YSB is a partially enclosed marine area with limited water exchange
capacity, imposing significant pressure on the marine ecosystem (Tang,
2004; Liu et al., 2009; Zhang et al., 2012). The effluent released from the
sewage treatment plant at Xinan River and Zhifu Island, along with
residues and excrement from aquatic animal feed and domestic waste
from workers in aquaculture farms, all contain varying levels of
nutrients and trace metals. These pollutants contribute to the
contamination of the marine environment in YSB. Additionally,
chemical agents are frequently employed in mariculture to manage
pests, and the remnants of these substances further exacerbate nutrient
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and trace metal pollution in both the marine environment and its
ecosystems (Hu et al.,, 2007). The ongoing input of nutrients and trace
metals from marine and inland sources poses a eutrophication risk to
YSB (Pan et al, 2020). Exploring the trace metals, nutrients, and
eutrophication levels in seawater is important for understanding the
potential of marine areas like YSB. Currently, there is limited available
data on nutrient and trace metal assessments in the coastal zone of
YSB, leaving the eutrophication risks they pose unclear. This study
collected seawater samples from YSB to assess nutrients, trace metals,
and eutrophication levels. This study focused on analyzing the spatial-
temporal distribution, identifying sources, and exploring correlations
among nutrients (N, P, and Si) and trace metals (Fe, Mn, Cu, and Zn).
It sought to clarify the eutrophication status and evaluate the linear
relationships between eutrophication, trace metals, and nutrients in the
coastal seawater of YSB. The findings aimed to provide insights that
could guide efforts in preventing and mitigating coastal eutrophication,
nutrient, and trace metal pollution in coastal cities.

2 Materials and methods
2.1 Sampling and pretreatment

Samples were taken from 12 stations throughout the summer of
2021-2023 (June-August) from the surface seawater of YSB in the
Yellow Sea, China (Figure 1). When collecting water samples,
GEOTRACES manual cleaning protocols are meticulously followed.
Before sampling, all vessels underwent a pre-cleaning procedure that
was adjusted from the cleaning method used by Li et al. (2015a) and Lu
et al. (2020). All utensils were washed three times in ultra-pure water
(182 MQ-cm) and 10% Decon 90™ detergent (v/v) before being
submerged in 10% HNO; and 10% HCI for 48 hours. They were then
dried on a dry bench and bagged for subsequent use. Sub-boiling
distillation equipment was used to pretreat all acids and ensure that
they were nutrient and trace-metal grade. The remains were pure-grade

10.3389/fmars.2024.1432566

reagents. Following Lu et al. (2020) guidelines, the specified sample
procedure was conducted. The surface water samples (1L, Im deep)
were collected in a low-density polyethylene bottle (Nalgene' ",
Thermo Fisher Scientific Inc.) after being filtered with a 0.45 pm
AcroPak® filter (Pall Corporation, USA). Metals that are biologically
and inorganically bonded are released because of the acidification of
filtered water samples. Therefore, some samples for total dissolved
metals were acidified to pH< 2 with high-purity HNO; in a clean
container and kept at 4°C until testing. The remaining samples were
not acidified, and they were kept at -20°C until they were evaluated for
nutrients and other physiological parameters. In addition, the COD
concentration was measured using the titrimetric method.

2.2 Sampling stations

On the eastern edge of Yantai City lies the semi-closed YSB, and for
this experiment, all sample sites were placed between the latitudes of
37°26'49.44"N and 37°3810.14”N and the longitudes of 121°24’0.00"E
and 121°4027.85”E. In Supplementary Material, Supplementary Table
S1 has the specifics. Figure 1 depicts the locations of 12 sampling
stations (S1-S12) of this study. These were in the port regions (54 is
close to Yantai port), nearshore areas (S1-S3, where S3 is close to the
Xinan River sewage treatment plant), mariculture areas (S5, S6, S8, and
S9), sewage outfall sites (S7 is close to the Zhifu Island sewage
treatment plant), and offshore areas (S10-S12).

2.3 Determination of total dissolved
nutrients and trace metals

The seawater samples for nutrients including nitrate (NO3"), nitrite
(NOy), ammonium (NH,"), phosphate (PO,>), and dissolved silicate
(DSi) were processed and examined by flow injection analysis
(QuAAtro, SEAL Analytical, Germany) (Liu et al, 2019) and the

121.3°E

FIGURE 1

Yellow Sea

‘Ocean Data View

121.4°E 121.5°E 121.6°E 121.7°E

Map of the sampling location in the YSB with the green square marks as the sampling stations.
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processing schematic view is presented in Supplementary Figure SI.
The limits of detection were 0.02, 0.008, 0.03, 0.01, and 0.02 pmol/L for
NO5’, NO,, NH,*, PO, and DS, respectively (Sun et al., 2022). The
concentrations of total dissolved nitrogen (TDN) were calculated as the
sum of NO5’, NO,, and NH,".

The concentrations of dissolved trace metals (Fe, Mn, Cu, and Zn)
were assessed using an inductively coupled plasma mass spectrometer
(ICP-MS, NEXION 1000G, Perkanlmer® USA) (Lu et al,, 2020; Liang
et al,, 2022) and the pre-processing of metal detection was done using
ELSpe-2 PreCon Automatic Desalting Separation and Enrichment
System (Guangzhou Prin-Cen Scientific Limited, China). The flow
diagram in Supplementary Figure S2 shows the trace metals analysis
process using ICP-MS. To ensure the precision of the succeeding
experimental approaches, the ICP-MS method was validated. By
detecting diluted 0.5 percent HNO; 10 times with ultra-pure water,
the ICP-MS technique blanks were calculated. The accuracy of the
experimental detection method was confirmed which displayed the
limit of detection (LOD) as 0.1, 0.909, 0.008, 0.018 ug/L and the limit of
quantification (LOQ) as 0.027, 0.746, 0.032, 0.172 pg/L for Fe, Mn, Cu,
and Zn, respectively, alongside the linear correlations (R*~0.999). The
high R? values and low LOD and LOQ for the analyzed elements
underscore the precision and reliability of the detection technique
employed in the study.

2.4 Eutrophication analysis

“Technical Regulation for Assessment of Seawater Quality
Status (Trial), 2015.10” first introduced the method for
calculation of the Eutrophication Index (EI) in the Bays of China
(Zhou, 2018; Youping et al., 2020). The introducing formula was
also used several times by numerous scholars e.g., Lin et al. (2020);
Son et al. (2020), and Wang et al. (2009)for assessing the EI of
seawater. The formula is presented below, followed for executing
the calculation of EI in this study.

_ COD x DIN x DIP x 10°
- 4500

EI

Where, COD, DIN,and DIP, respectively, stand for chemical
oxygen demand, dissolved inorganic nitrogen (NO, +NO; +NH,"),
and dissolved inorganic phosphorus (PO,”). Three eutrophication
levels were established: mild eutrophication (1< EI <3), moderate
eutrophication (3< EI <9), and severe eutrophication (E >9).

2.5 Data analysis

In this study, the data underwent rigorous statistical scrutiny
utilizing IBM SPSS Statistics (Version 19.0) and Origin 2024 (Version
10.1). The spatial distributions of both nutrients and trace metals
were meticulously crafted using Ocean Data View (Version 4.0).
Delving deeper, Pearson Correlation and Principal Component
Analyses (PCA) were used to evaluate the interconnections
between the concentrations of dissolved nutrients and trace metals
at various sampling sites within the YSB over different years (Yano
et al,, 2019), all expertly managed by IBM SPSS Statistics (Version
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19.0) and Origin 2024 (Version 10.1) following the methodology
established in prior studies (Ma et al., 2016).

3 Results and discussion

3.1 Spatial-temporal distribution of
dissolved nutrients

The spatial-temporal distribution of nutrients, including NO,’,
NO;, NH,", PO43’, and DSi in selected stations from 2021 to 2023,
as illustrated in Figures 2A-E. Despite variations in the patterns
observed for different years across both inshore and offshore areas, a
consistent characteristic emerged: concentrations decreased from
nearshore to offshore regions, aligning with findings from Lin et al.
(2020), suggesting a common nutrient source in the YSB. Dissolved
nitrogen constituents exhibited significant variability across the
YSB, with three-year mean concentrations of NO,’, NO;’, and
NH," in surface seawaters ranging from 0.37-11.66 ug/L, 2.04-
178.30 ug/L, and 1.69-70.01 ug/L, respectively (Supplementary
Table S2). Along the coastline, concentrations decreased notably
seaward, with the highest NO, , NO5", and NH," concentrations
typically observed at stations nearest the coast, particularly S1-S8,
reflecting significant human activity (Wang et al., 2012).

The highest NO,™ concentration of 11.66 ug/L was recorded at S1
in 2023, contrasting with the lowest value of 0.37 pg/L at S12 in 2022
(Figure 2A; Supplementary Table S2). Station S1 is situated in the
nearshore area with a drastic human influence pressure such as
summertime fishing, tourism, local inland nutrient enrichment, etc.
The yearly concentration pattern of NO, exhibited erratic
fluctuations (Figure 2A) with no clear directional trend but
maintained a relatively stable trend, with minor fluctuations due to
the increasing input sources such as industrial development, coastal
farming, water transportation, etc. This kind of variability might have
stemmed from factors such as microbial integrity, which could
rapidly alter NO,  concentrations in response to changing
environmental conditions (Peng, 2015). Additionally,
anthropogenic sources like industrial discharges and sewage
effluents might have contributed to the observed variability in NO,”
levels (Wang et al., 2012). Similarly, station-specific extremes were
observed, such as the highest NO;™ concentration of 178.30 ug/L at S7
in 2021 due to the pressure of extensive sewage discharge from the
Zhifu island sewage treatment plant and the lowest of 2.04 ug/L at S4
in 2022 (Figure 2B; Supplementary Table S2). The NOj
concentrations were not maintained regularity but had stable
characteristics that showed a notable decreasing trend from 2021 to
2023 (Figure 2B). The stations with the highest concentration e.g., S7,
were possibly influenced by factors such as effluent discharge from
the nearest locality, biological uptake, and chemical inputs from the
agricultural land that variations in the concentration of NO;™ levels
had been observed by the previous study of Li et al. (2024), suggesting
a complex interplay of anthropogenic factors driving these changes in
this kind of semi-enclosed bay.

Furthermore, the highest NH," concentration of 70.01 pg/L
arose at S8 in 2023, while the lowest was 1.69 pg/L at S8 in 2022
(Figure 2C; Supplementary Table S2), indicating nitrogen
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Spatial-temporal distribution of (A) NO,™ (ug/L); (B) NOs™ (ug/L); (C) NH4* (ug/L); (D) PO4* (ug/L) and (E) DSi (ug/L) from 2021 to 2023 in the

summer surface seawater of YSB, China.

enrichment in the YSB that the findings agreed with the previous
study of Li et al. (2024). Stations S8 with elevated NH,"
concentration than the other stations, were likely impacted by the
extensive mariculture activities including the discharge of
chemicals, food residue, wastewater from the fishermen, etc. The
highest and lowest concentrations of NH," indicated in the same
station could be possible due to the extension of mariculture
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farming or sudden changes in the nutrient input sources. As per
the temporal variation, the concentration of NH," showed a
consistent rise from 2021 to 2022, followed by a decline in 2023
(Figure 2C). This trend likely reflected shifts in nutrient cycling,
such as microbial decomposition and organic matter breakdown,
affecting NH," levels in marine ecosystems (Li et al., 2024).
Additionally, human actions like wastewater release and
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agricultural practices could have contributed to NH," inputs,
affecting its temporal changes (Wang et al., 2012; Li et al., 2024).

The three-year mean concentrations of PO,* in the surface
seawaters of the YSB ranged from 0.02 to 16.68 ug/L, averaging 2.82
ug/L (Supplementary Table S2). Dissolved PO,> concentrations
decreased seaward over the period, except in 2021. Despite a
relatively higher PO,’" concentration of 16.69 pg/L being
recorded in S2 of 2023, the lowest concentration of 0.02 ug/L was
also observed in S2 of 2022 (Figure 2Dj; Supplementary Table S2).
Similar distribution patterns to previous studies (Wang et al., 2012;
Li et al, 2024), suggested anthropogenic activities as the main
source of PO, in the YSB. The same location had the lowest and
highest values of PO,> due to the yearly fluctuation of human
influence in the Bay. Station S2 was dominated by fishing activities,
urban runoff, sewage discharge, etc. that were implicated in PO,>"
distribution. Average PO, concentrations across the 12 sampling
stations were relatively low, consistent with findings from studies in
the coastal water of the Bohai Sea by Lin et al. (2020), indicating
higher N and lower P concentrations in these areas. Prior research
indicates that mariculture elevates N and P levels in coastal waters,
with NO; ™ constituting a substantial portion of inorganic N,
consistent with the current study’s results (Kang and Xu, 2016).
With considering the temporal variation the PO,> remained
relatively stable across the three years, with only minor variations
(Figure 2D). This stability was likely due to phosphorus’s
conservative behavior in marine systems, where it tends to bind
to particles and sediments, resulting in slower turnover rates
compared to nitrogen compounds (Redfield, 1958). However,
localized events such as sediment disturbance and phytoplankton
blooms could still have affected PO, dynamics (Al-Mur, 2020; Li
et al., 2024).

Similarly, DSi concentrations remained relatively steady over
the three years, with slightly significant trends observed (Figure 2E)
that similarly agreed with the previous study of Wang et al. (2012).
However, in this study, DSi levels appeared to stay within a narrow
range, indicating resilience to external disruptions. The three-year
average concentrations of DSi ranged from 0.02 to 0.71 ug/L, with
an average of 0.19 ug/L (Supplementary Table S2). DSi in inshore
waters exhibited significant variation along the coast and decreased
notably seaward. The distribution pattern of DSi in inshore waters
closely paralleled that of other nutrients, suggesting influences from
both natural and human activities (Cao et al., 2020). The varying
distribution of DSi in the study area suggests that its source is
primarily indigenous, originating from diatom-produced biogenic
silicate, rather than being primarily introduced from external
sources such as drains. This indicates a significant role of diatom
activity in shaping the distribution of silicate content (Verschuren
etal., 1998). The highest DSi concentration of 0.71 pg/L persisted in
S2 in 2021, whereas the lowest value of 0.02 pg/L occurred in S3 in
2023 (Supplementary Table S2). Silicate minerals, originating from
the crust, are typically less influenced by human activities (Wang
et al,, 2012). However, construction and industrialization along the
YSB banks may have released more silicate minerals into the water
system, as these activities involve excavating clay and rock, major
constituents of silicate minerals, from underground to the surface.
The yearly variation of NO,, NO5", NH,", PO43', and DSi in marine
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environments was influenced by various factors, including natural
processes and human activities (Wang et al.,, 2012). While some
nutrients showed clear trends over time, others exhibited more
erratic fluctuations, underscoring the complexity of nutrient
cycling dynamics.

3.2 Spatial-temporal distribution of
dissolved trace metal

The portrayal of the spatial-temporal distributions of trace
metals in the summer surface seawater of YSB from 2021 to 2023
is depicted in Figures 3A-D. Marine organisms accumulate trace
metals such as Fe, Mn, Cu, and Zn in their tissues and bones, as
these elements are essential for biological growth and are commonly
referred to as trace nutrients (Liang et al., 2022). Supplementary
Table S2; Figures 3A, B showcased the spatial temporal distribution
of dissolved Fe and Mn contents along the YSB coast. The
concentrations were lower at nearshore stations than at offshore
stations. The concentration of dissolved Fe fluctuated from 4.79 pg/
L at S1 during 2022 to 26.70 pg/L at S8 during 2021. Notably, S8,
located near sewage outfall sites of Zhifu Island sewage treatment
plant and mariculture activities, exhibited higher Fe concentrations,
potentially attributed to these activities (Pan et al., 2020), suggesting
that sewage from the aquaculture area carried by ocean currents
may be responsible for the higher Fe. The average Fe concentration
during the study period stood at approximately 12.70 pg/L.
According to the yearly temporal variation, Fe levels displayed a
certain range of values across the sampled stations in 2021,
indicative of localized influences such as geological characteristics
and point sources. However, as the years progressed, there appeared
to be a general decrease in Fe concentrations in 2022, followed by a
slight recovery or stabilization in 2023. This temporal pattern may
have reflected changes in sedimentation rates, redox conditions, or
input sources over time. Notably, the observed trends in Fe
concentrations aligned with findings from a previous study (Pan
et al,, 2020), which highlighted the dynamic nature of Fe cycling in
aquatic environments and its sensitivity to environmental factors.
The results showed that Fe concentrations were lower than in the
other bays and in previous studies in this Bay (Hong et al., 2018;
Pan et al., 2020). Unlike total dissolved Mn, Cu, and Zn a reverse
distribution pattern was found for total dissolved Fe, indicating that
the source of Fe might differ from the sources of Mn, Cu, and Zn.

In parallel, Mn concentrations in the study area ranged from
0.19 pg/L at S9 during 2021 to 6.41 pg/L at S8 during 2022. Over the
consecutive three years, the average Mn content was 1.24 pg/L. Mn
displayed considerable variability, with approximately six to
eightfold differences between their high and low concentrations.
Generally, the dissolved Mn concentrations indicated lower values
in the YSB compared to other coastal areas such as Zhanjiang Bay
(Hong et al., 2018) and the East China Sea (Nakaguchi et al., 2020).
Mn concentrations also showed a distinct temporal dynamic across
the studied years (Figure 3B) that indicated Mn levels varied
considerably among stations in 2021, suggesting spatial
heterogeneity in Mn sources and cycling processes. However, over
the subsequent years, there seemed to be a convergence towards
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FIGURE 3
Spatial-temporal distribution of (A) Fe (ug/L); (B) Mn (ug/L); (C) Cu (ug/L) and
YSB, China.

more uniform Mn concentrations, with some stations exhibiting
decreases while others remained relatively stable. This temporal
variability in Mn concentrations underscored the complex interplay
between sedimentary processes, redox dynamics, and
anthropogenic inputs. These findings resonated with those
reported in the literature (Nakaguchi et al, 2020) emphasizing
the importance of understanding Mn cycling in aquatic ecosystems
and its implications for water quality management. The spatial-
temporal distribution of dissolved Cu in the study area is illustrated
in Figure 3C. Throughout the study period, dissolved Cu
concentration values oscillated between a minimum of 0.26 ug/L
at S2 and a maximum of 1.53 ug/L at S8 during 2021. The average
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(D) Zn (pg/L) from 2021 to 2023 in the summer surface seawater of

concentrations of dissolved Cu over the three years were recorded at
0.70 pg/L (Supplementary Table S2). The highest concentrations of
Mn and Cu were observed at station S8, adjacent to mariculture
areas, suggesting contributions from food and chemical residues, as
well as household waste from aquaculture activities. Atmospheric
deposition may have also played a role in the elevated Mn and Cu
levels at offshore stations (Pan et al., 2020; Liang et al., 2024). The
temporal fluctuations in Cu concentrations were also notable over
the study period, as depicted in Figure 3C. Cu levels exhibited
variability across stations in 2021, likely reflecting diverse sources
such as industrial discharges and urban runoff. However, by 2022,
there appeared to be a general increase in Cu concentrations at
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several stations, possibly indicating changes in anthropogenic
inputs or environmental conditions (Li et al., 2024). By 2023, Cu
concentrations exhibited mixed trends, with some stations showing
further increases while others experienced declines or stability.
These temporal patterns in Cu concentrations highlighted the
dynamic nature of Cu cycling in aquatic systems and its
vulnerability to human activities. These observations were in line
with previous studies (Pan et al., 2020; Liang et al.,, 2024)
highlighting the significance of Cu contamination in aquatic
ecosystems and the need for effective pollution control measures.

Dissolved Zn at the coastal study sites is displayed in Figure 3D.
The concentration of Zn ranged from 0.74 pg/L at S6 during 2023 to
13.12 pg/L at S12 during 2021. Station S12 was located offshore
areas, where the dry-wet deposition of atmospheric aerosols was the
main external source of Zn (Zheng et al., 2003). This indicates that
atmospheric deposition may be the cause of the higher Zn levels.
However, station S12 was close to the aquaculture zone, suggesting
that sewage from the aquaculture area carried by ocean currents
may be responsible for the higher Zn (Pan et al., 2020). The three-
year average concentration of dissolved Zn was 4.31 ug/L
(Supplementary Table S2). Overall, biological factors strongly
influenced the bioaccumulation of metals, with Zn being naturally
abundant and known to contaminate residues from food waste,
pesticides, and anti-corrosion paints (Li et al., 2024). Zn
concentrations also demonstrated temporal variation across the
three years, reflecting changes in environmental conditions and
anthropogenic influences (Figure 3D). Zn levels exhibited spatial
heterogeneity among stations in 2021, suggesting localized sources
and transport pathways. However, by 2022, there seemed to be a
general decrease in Zn concentrations across the sampled stations,
followed by mixed trends in 2023, with some stations showing
increases while others experienced declines. These temporal
patterns in Zn concentrations underscored the complex interplay
between natural processes and human activities shaping Zn cycling
in aquatic environments. These findings were consistent with
previous research (Pan et al., 2020; Liang et al.,, 2022; Li et al.,
2024), emphasizing the need for comprehensive monitoring and
management strategies in aquatic ecosystems.

Overall, the temporal variation of Fe, Mn, Cu, and Zn
concentrations across the years 2021, 2022, and 2023 revealed

10.3389/fmars.2024.1432566

dynamic patterns indicative of changing environmental
conditions and anthropogenic influences. The comparison of
these elements over the three years unveiled shifts in
concentration levels, hinting at underlying environmental
processes and potential anthropogenic influences. While each
element’s behavior varied, collectively, they offered insights into
ecosystem health and water quality dynamics. The YSB’s shallow
water depth and poor exchange capacity, coupled with its relatively
aged water body, may have facilitated desorption or
remineralization processes, leading to the migration of metals
from solid phases into the water body (Kalnejais et al., 2010; Li
et al., 2010). Resuspension resulting from these processes likely
contributed to increased metal concentrations in the area.
Additionally, spatial differences in metal content may have been
influenced by marine disasters (Liang et al., 2022).

3.3 Correlation between dissolved trace
metals and nutrients

Interpreting the analyzed data spanning three years (2021-
2023) in the seawater of YSB revealed dynamic interactions among
various parameters, including concentrations of trace metals (Fe,
Mn, Cu, and Zn), nutrients (NO5’, NO,", NH,* and PO,*"), and DSi
(Supplementary Table S3; Figure 4). The Pearson correlation matrix
demonstrated the relationships between these components across
three years, reflecting changes in their concentrations and potential
influences on marine ecosystems. Fe, a crucial micronutrient,
showed consistent positive correlations with Mn and Cu
throughout the years. This suggested potential co-occurrence or
shared sources of these metals in seawater, likely originating from
both natural processes and anthropogenic inputs such as industrial
discharge or atmospheric deposition (Pan et al., 2020). The positive
correlation between Fe and Mn indicated their association with
particulate matter or organic ligands, influencing their solubility
and bioavailability (Crawford et al., 2003; Saito et al., 2005). The
positive correlation of Cu with Fe and Mn stemmed from similar
sources or redox cycling processes involving these metals. Zn
exhibited variable correlations with other parameters across the
years, ranging from negative to positive values. In 2021, Zn showed

FIGURE 4

Correlation matrix of (A) 2021; (B) 2022; and (C) 2023 for the concentrations of dissolved nutrients and trace metals in the surface seawater of

YSB, China.
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weak negative correlations with Fe, Mn, and Cu, suggesting possible
antagonistic interactions or independent sources. However, in 2022
and 2023, the correlations of Zn with Fe, Mn, and Cu became
positive, implying potential shifts in sources or chemical speciation
influenced by environmental factors such as pH, salinity, or organic
complexation (Pan et al., 2020). NO;” and NO, displayed
consistent positive correlations across the years, indicating their
co-occurrence and shared sources, primarily from anthropogenic
activities such as agricultural runoff, wastewater discharge, or
atmospheric deposition (Lin et al., 2020). The strong positive
correlation between NO;3™ and NO, suggested similar sources and
transformation pathways, reflecting the dynamics of nitrogen
cycling in seawater influenced by biological processes like
nitrification and denitrification (Zhang and Gao, 2016). NH,"
concentrations showed moderate to strong positive correlations
with NO;™ and NO, across the years, suggesting potential
interactions between organic matter degradation, microbial
activity, and nutrient cycling processes in seawater. NH," may
serve as a substrate for nitrifying bacteria, contributing to the
production of NO; and NO,. NH," serves as the primary
nitrogenous byproduct arising from the breakdown of nitrogen-
containing organic matter through microbial decay. It is also a
significant excretion product for both invertebrates and vertebrates.
Additionally, ammonia represents a crucial inorganic nitrogen
form, favored by aquatic plants for uptake (Faragallah et al,
2010). Elevated levels of ammonium could result in increased
phytoplankton productivity, particularly if these organisms
preferentially utilize NH," over NO;™ (Dugdale et al., 2007). The
positive correlations between NH," and trace metals (Fe, Mn, Cu,
and Zn) hinted at potential associations with organic ligands
affecting their solubility and bioavailability in seawater (Li et al.,
2024). PO,> concentrations exhibited variable correlations with
other parameters over the years, indicating potential influences
from both natural processes and anthropogenic inputs such as
agricultural runoff, sewage discharge, or atmospheric deposition
(Wang et al.,, 2012). The positive correlations between PO,* and
trace metals (Fe, Mn, Cu, and Zn) from 2021 to 2023 suggested
potential associations with particulate matter enhancing their
mobility and availability in seawater. However, in 2022, PO43'
showed significant positive correlations with Cu, possibly due to
shifts in nutrient dynamics influenced by environmental factors or
biological uptake processes (Wang et al., 2012; Li et al., 2024).
Besides this, the negative correlation of PO,* with Mn (2021) and
Fe (2023) possibly indicated that increasing phosphate
concentrations could have inhibited the bioavailability or
solubility of Mn and Fe due to complexation reactions or
precipitation, influencing their distribution in the YSB (Peng,
2015; Lin et al., 2020). Dissolved silica (DSi) concentrations
demonstrated consistent positive correlations with trace metals
(Fe, Mn, Cu, Zn) across the years, indicating potential
interactions with siliceous organisms, such as diatoms or sponges,
which utilize DSi for biomineralization processes (Cao et al., 2020).
The positive correlations between DSi and trace metals suggested
co-occurrence or shared sources influenced by processes like
dissolution of silicate minerals or desorption from sedimentary
particles (Wang et al., 2012). In summary, the interpretation of
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seawater chemistry data from 2021 to 2023 highlights dynamic
interactions among metals, ions, and dissolved silica, reflecting the
complex interplay of natural processes and anthropogenic
influences in marine environments. Understanding these
relationships is crucial for assessing the health and resilience of
marine ecosystems.

Principal Component Analysis (PCA) is a powerful statistical
technique used to reduce the dimensionality of complex datasets
while retaining as much of the original information as possible (Li
et al, 2000). The study focused on analyzing correlations and
potential sources of various dissolved trace metals and nutrients
in surface seawater over multiple years of monitoring. To delve
deeper into the underlying drivers and uncover correlations among
the raw variables, two principal components (PCs) with eigenvalues
greater than 1 were extracted from the raw data through PCA
(Supplementary Table S4; Figure 5). PC1, accounting for 83.5% of
the total variance, primarily reflected the dominance of nutrient
concentrations (NO5’, NH,*, PO,>) in the seawater of YSB, with
strong positive loadings for NO3™ (0.99320) and NH," (0.10619),
indicating their significant contributions to the variability captured
by PCI1. This suggested that PC1 represented the nutrient
enrichment status of seawater, potentially influenced by
anthropogenic inputs such as agricultural runoff or wastewater
discharge, as well as natural processes like biological nutrient
cycling (Wang et al, 2012; Li et al,, 2024). Waterways acted as
channels for human-caused contamination, releasing waste, and
industrial and aquafarming toxins into marine environments (Pan
et al,, 2020). Moreover, internal rejuvenation from the breakdown
of particle-based organisms and dispersion from seabed sediment
pore water played a role in spreading metals and nutrients. The
negative loadings for Fe (-0.00331), Mn (-0.00399), and Zn
(-0.00098) on PC1 indicated their weaker influence compared to
nutrients, suggesting that variations in these metals were not the
primary drivers of variability along PCl. The accumulation or
outward transport of sediments from the Yellow River (Chen
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FIGURE 5

The principal component analysis loading plot of nutrients and
dissolved trace metals in the summer surface seawater of
YSB, China.
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et al,, 2013; Li et al, 2020) played an important role in the
accumulation and discharge of different substances into the water,
serving as a notable storage area for dissolved trace metals in the
offshore regions of YSB (Gao et al., 1992; Sun et al.,, 2012). Many
rivers emptied into the YSB, including the Guangdong River, the
Han River, and the Nian River, potentially introducing
anthropogenic pollution, discharged effluent, and industrial and
aquaculture pollution to the ocean water (Yuan et al, 2012; Pan
et al., 2020). Due to the river input into the YSB, high
concentrations of trace metals were influenced and caused uneven
distribution (Li et al, 2017; Pan et al, 2020). However, prior
research has also suggested that the elevated atmospheric flows of
trace metals and nutrients into the Chinese continental shelf,
potentially exceed river inflows (Gao et al, 1992; Zhang et al,
1992). During the onset of summer, cold air currents carried crustal
aerosols from the desert area in the northwest to the coastal regions
in the east, notably impacting the atmospheric quality of the Yellow
Sea (Gao et al., 1992).

On the other hand, PC2, explaining 14.6% of the total variance,
captured additional nuances in seawater, primarily reflected by the
loadings of NO;3™ (-0.10616) and NH," (0.99039). The negative
loading for NO;™ on PC2 suggested an inverse relationship with
NH,", indicating potential nitrogen cycling processes such as
denitrification or biological uptake influencing the variability
(Wang et al, 2012; Luo et al, 2022). The positive loading for
NH," on PC2 reaffirms its importance in shaping the patterns
observed in seawater chemistry, likely representing its contribution
to microbial processes and nutrient dynamics (Li et al., 2024).
Additionally, the negative loading for Zn (-0.08478) on PC2
suggested a potential inverse relationship with nutrient
concentrations, indicating contrasting influences on seawater
chemistry compared to NO;™ and NH,". Overall, the PCA results
provided a comprehensive understanding of the dominant patterns
and relationships among seawater parameters, highlighting the
importance of nutrient concentrations (NO;, NH,", PO,*) in
driving variability captured by PCI, while PC2 captured
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additional nuances related to nitrogen cycling processes and
potential influences of trace metals like Zn. Hydrodynamic
elements such as coastal marine currents, runoff, and tidal
movements were pivotal in the dissemination and conveyance of
contaminants, encompassing trace metals, offshore. An experiment
involving the release of particle tracers along the Yantai coast
illustrated a route that closely mirrored the flow of predominant
ocean currents (Sun et al, 2012). Consequently, PC2 probably
denoted an organic origin for the discharge of trace metals and
nourishing substances amidst the sway of external disruptions.

3.4 Eutrophication evaluation

3.4.1 Eutrophication index

The distribution of the eutrophication index across various
stations provided profound insights into the nutrient enrichment
and trophic status of the marine environment within the YSB
(Figure 6). The distribution unveiled intricate patterns of nutrient
enrichment and trophic status variation across the bay. The
eutrophication index exhibited a broad range across the stations,
spanning from 0.022 to 0.150, indicating a significant diversity in
nutrient enrichment levels. Notably, station S2 emerged with the
highest EI recorded as 0.150, signifying pronounced nutrient
enrichment within that area. Conversely, station S12 displayed
the lowest EI of 0.022, implying comparatively lower nutrient
enrichment in comparison to other stations. Notably, all stations
were classified as experiencing below the mild eutrophication level
indicating the potentiality of lower eutrophication during the
summer surface seawater of YSB. Furthermore, studies conducted
by Jiang et al. (2019); Luo et al. (2022); Wei et al. (2022); Zhang et al.
(2023); Zhou and Wang (2024), and Wang et al. (2022) on other
seashores yielded similar results regarding eutrophication status,
suggesting a dominance of mariculture and industrial activities
alongside agricultural aspects within the YSB area. The distribution
of EI hinted at localized zones with nutrient inputs, possibly
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influenced by anthropogenic activities such as urban runoff, sewage
discharge, and residue from the seafood industry (Wang et al,
2012). These findings were consistent with decreasing trends
observed from inshore to open sea, aligning well with previous
studies on marine eutrophication (Liu et al., 2019; Zhang et al,,
2023), which suggested that coastal areas adjacent to sewage
treatment plants tend to exhibit higher nutrient enrichment levels
due to the influx of excess nitrogen and phosphorus. Overall, the
distribution of EI across the twelve stations in YSB unveiled
patterns of nutrient enrichment diminished from inshore to
offshore areas, highlighting localized zones of heightened nutrient
inputs and varying levels of productivity throughout the study area.

10.3389/fmars.2024.1432566

3.4.2 Correlation of El with dissolved nutrients
and trace metals

Correlations between the eutrophication index (EI) and the
concentrations of NO,’, NO; ', NH,", PO43’, DSi, TDN, Fe, Mn, Cu,
and Zn are shown in Figures 7A-] as can be seen in eutrophication
indices in the coastal waters of the YSB presented a positive
correlation with nutrients and trace metals. NO;~ concentrations
exhibited a moderately positive correlation (p > 0.05, n = 12)
suggesting a potential contribution to eutrophication processes
within the bay. The presence of NOj, often originating from
agricultural runoff and wastewater discharge, can fuel algal
blooms and subsequent oxygen depletion, exacerbating
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eutrophication (Wang et al., 2012, 2016). Conversely, NO,’
displayed a weak positive correlation (p > 0.05, n = 12) indicating
a less significant role in eutrophication status compared to NO5'.
NH,", though exhibited a positive correlation (p > 0.05, n = 12) that
demonstrated a moderate significance, highlighting its potential
contribution to nutrient enrichment and algal proliferation in the
bay (Wang et al, 2012). Total dissolved nitrogen (TDN) also
demonstrated a moderately positive correlation (p > 0.05, n = 12)
reflecting its significance in driving nitrogen-driven eutrophication
processes in coastal ecosystems (Zhang and Gao, 2016). All the data
in the coastal YSB revealed that higher dissolved nitrogen
concentrations were accompanied by lower EI. Furthermore,
because nitrogen speciation can also affect the cell-size
distribution of phytoplankton communities, the larger species
may have the capacity for more internal storage of nutrients and
become dominant in fluctuating nutrient regimes (Turpin and
Harrison, 1979), and in general, smaller species have a higher
preference for NH, uptake over NO; than larger phytoplankton
species (Stolte et al., 1994), so different regions that have different
sources and concentrations of Nitrogen compounds may have
different species in making up the phytoplankton community.
The knock-on effect was that the regions that have different
sources and concentrations of N compounds may endure
different degrees of eutrophication (Zhang and Gao, 2016). PO,
on the other hand, indicated a significant positive correlation (p<
0.01, n = 12) that suggested its pivotal role as a limiting nutrient in
eutrophication processes. The prevalence of PO,”, often sourced
from agricultural runoff, sewage, and detergents, can fuel excessive
algal growth, leading to detrimental ecological consequences such as
hypoxia and biodiversity loss (Zhang and Gao, 2016). Dissolved
silica (DSi) exhibited a moderate positive correlation indicating its
potential role in supporting diatom growth and influencing nutrient
cycling dynamics within the bay (Wang et al.,, 2012).

In addition, trace metals such as Fe, Mn, Cu, and Zn revealed
intriguing relationships with eutrophication. Fe displayed a weak
positive correlation (p > 0.05, n = 12) suggesting its potential role in
catalyzing algal growth and modulating nutrient availability in
seawater (Coale et al, 2004; Boyd et al, 2007). Mn exhibited a
moderate positive correlation (p > 0.05, n = 12) indicating its
influence on redox processes and nutrient cycling dynamics within
the marine environment (Saito et al., 2005), as it is essential for
photosynthesis and enzyme functions (Browning et al., 2021). High
concentrations of Mn can stimulate phytoplankton growth by
enhancing these physiological processes where excessive
concentration can become toxic, leading to growth inhibition,
demonstrating a complex balance in its impact on phytoplankton
(Crawford et al.,, 2003; Saito et al., 2005). Cu demonstrated a
significant positive correlation (p< 0.05, n = 12) highlighting its
potential as a tracer for anthropogenic activities and its contribution
to eutrophication processes through industrial discharges, food
residue from mariculture, and chemical effluents from the port
(Wang et al., 2012; Li et al., 2024). Cu can significantly reduce the
phytoplankton diversity and productivity. However, limited
bioavailability, due to low concentrations of labile compared to
total Cu in the marine environment, may reduce exposure and the
toxic effect (Rodgers et al, 2010). Zn though displayed a weak
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positive correlation (p > 0.05, n = 12) underscores its role as a
potential cofactor in enzymatic processes and its significance in
influencing nutrient enrichment in coastal ecosystems (Wang et al.,
2012; Li et al., 2024).

Combining the above-mentioned data and discussions, it could
be concluded that the enrichment of nutrients and trace metals may
change eutrophication in the YSB but not considered as the higher
trophic bay, suggesting that trace metals and nutrients were
probably not the major reason for eutrophication elevation in the
YSB, and changing the trace metals and nutrient concentration has
limited effects on eutrophication in the YSB. However, the linkage
between nutrient loading, eutrophication, and hypoxia/anoxia
dynamics is often non-linear and complex in estuarine and
coastal systems (Cloern, 2001). This is because these systems are
hydrodynamically and biogeochemically distinct and highly
variable. Climatic and physiographic differences between these
systems affect profoundly physical-chemical and biological
processes mediating organic matter production and accumulation,
oxygen dynamics, nutrient cycling, and acidity (Zhang and
Gao, 2016).

3.5 Comparative study

The mean concentrations of dissolved trace metals in surface
seawater, namely Fe, Mn, Cu, and Zn, align with previous research
findings (Supplementary Table S2) (Pan et al.,, 2020; Liang et al.,
2022). Comparing these concentrations in YSB with other global
and Chinese bays was presented in Table 1, it’s noted that Fe levels
in YSB were higher than in most regions, like those in Zhanjiang
Bay (Hong et al., 2018) but lower than the Red Sea, Arabian Sea, and
Abu-Qir Bay of Egypt (Al-Mur, 2020; Mohamed et al., 2021;
Nishitha et al., 2023). Mn levels, however, were lower compared
to Zhanjiang Bay, Pearl River Estuary, Red Sea, Arabian Sea, and
Abu-Qir Bay of Egypt (Wang et al., 2012; Hong et al.,, 2018; Liu,
2019; Al-Mur, 2020; Mohamed et al., 2021; Nishitha et al., 2023). Cu
concentrations exceeded those in Major River estuaries of East-
Hainan (Fu et al., 2013) but were comparable to or lower than those
in other regions. Similarly, Zn concentrations were higher than in
the North Yellow Sea, and San Francisco Bay, USA (Flegal et al,
1991; Tian et al., 2009; Wang et al., 2022) but lower than in several
other areas. Additionally, comparing nutrient and eutrophication
index concentrations in YSB with other global and Chinese bays
revealed that TDN levels were lower than in most regions but higher
than in Tieshan Bay, Laizhou Bay, the North Yellow Sea, and Bay of
Bengal, Bangladesh (Tian et al., 2009; Zhang and Gao, 2016; Wang
etal, 2022; Alam et al., 2023; Zhang et al., 2023). The average TDP
concentration in YSB was higher than in most bays but lower than
in Tieshan Bay, Jinzhou Bay, and Red Sea (Al-Mur, 2020; Lin et al.,
2020; Zhang et al., 2023). DSi levels in YSB were notably lower than
in Laizhou Bay, Bay of Bengal, San Francisco Bay, and Red Sea
(Flegal et al., 1991; Zhang and Gao, 2016; Al-Mur, 2020; Alam et al.,
2023). Moreover, the eutrophication level, when compared to other
bays, was significantly lower than in Tieshan Bay and the Pearl
River Estuary (Wang et al., 2012; Liu, 2019; Zhang et al., 2023).
Furthermore, concerning China’s seawater quality standard, Cu,
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TABLE 1 Comparison of three-year mean concentration (ug/L) of dissolved trace metals, nutrients, and eutrophication level in the summer surface
seawater of YSB compared with other global and Chinese bays.

References
3.06 11.87
Jinzhou Bay, China - - ’ (1.58- 226.3 5.8 - - Lin et al. (2020)
(1.26-6.49)
25.73)
Bohai Bay, China - - 0.16-7.17 17.3-90 246-1417 3.20-36.61 - - Peng (2015)
Tieshan Bay, China - - - - 71.0 8.00 - 0.519 Zhang et al. (2023)
.32 12.64
L R 803 4.51 4.40 6
Zhanjiang Bay, China (60.28- (5.71- - - - - Hong et al. (2018)
(3.05-7.54) | (3.35-7.03)
108.4) 25.70)
0.051
2.74 1.77 3.05 Zh d
Laizhou Bay, China - - - (0.0068- - ~hang an
(1.63-4.31) (0.074-7.08) (0.11-13.13) Gao (2016))
0.195)
Pearl River Wang et al. (2012);
R - 0.12-91.2 0.44-2.73 - 688.0 - - 8.64 i
Estuary, China Liu (2019)
Major river estuaries of ) )3 ;357 0.15-1.21 Fu et al. (2013)
East-Hainan, China : : : : " ’
. X Ti 1. (2 B
North Yellow Sea, China - - 0.80 3.80 19.85 3.68 - - ian et al. (2009)
(7.95-36.93)  (1.90-8.01) Wang et al. (2022)
Yangtze Ri
angtze fuver 6.06-35.86 - 122-1.68 - - - - - Wang and Liu (2003)
Estuary, China
Tianjin Coastal 6.98 24.83 H t al. (2021)
- - .. X - - - - an et al.
Area, China
Dingzi Bay, China - - 3.88 19.73 - - - - Pan et al. (2014)
27.47 44.53
Bay of (23.47 (24.43 0.62 0.12 7:65 Alam et al. (2023)
Bengal, Bangladesh N N o o 0.48-0.74 0.08-0.14 7.02-8.35 - ’
engal, banglades 3351) 62.67) ( )« ) )
702.13- Flegal et al. (1991);
San Francisco Bay, USA - - 2.16 0.65 - - - egal et al. ( )
2106.41 Cloern et al. (2017)
29.33 156 167 22.02 560.14 51.72 115.57
Red Sea, Saudi Arabia (19.33- ’ ' (11.20- (326.84- (17.03- (71.35- - Al-Mur (2020)
(0.81-2.76) | (0.92-2.90)
42.12) 33.60) 696.70) 86.29) 154.70)
21.53 43.34 9.16
Arabian Sea, India (17.95- (6.20- (6.40- - - - - - Nishitha et al. (2023)
27.41) 113.98) 14.90)
14.50 5.72 12.01
1.432 Mohamed
Abu-Qir Bay, Egypt 7.24- 1.47- 4.60— - - - -
u-Qir Bay, Egyp ( ( (©046-374) et al. (2021)
22.59) 12.74) 18.33)
Grade 1 - - <5 <20 <200 <15 - - SEPA (1997)
Grade 1T - - <10 <50 <300 <30 - - SEPA (1997)
Grade IIT - - <50 <100 <400 <45 - - SEPA (1997)
12.40 124 071 431 72.14 4.17 0.189 0.19
Yantai Sishili Bay (4.79- : : (0.74- (20.26- (1.90- (0.021- (0.022- This Study
(0.19-6.41) | (0.26-1.53)
26.71) 13.12) 176.26) 16.68) 0.714) 0.150)

“-” represents no relevant reference data.
The parentheses present the range of the parameters’ concentration.

Zn, TDN, and TDP concentrations adhered to Grade-I seawater
quality standards in YSB (SEPA, 1997). Though there was no severe
risk from trace metals, nutrient pollution, or potential
eutrophication, control of the marine environment and
ecosystems, as well as sustainable development, is needed to
mitigate such threats. To effectively mitigate the potential threats
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(maybe) posed by nutrient and trace metal influx into YSB
compared to other global and Chinese bays, several essential
strategies should be implemented. Continuous and
comprehensive monitoring of nutrient and trace metal levels in
the bay is important, achieved through improved sample collection
and analysis systems to ensure the accuracy and reliability of data.
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Integration of advanced technologies like remote sensing and high-
resolution modeling into monitoring programs can provide real-
time data and predictive capabilities. Identifying and controlling
pollution sources, including industrial discharges, agricultural
runoff, and wastewater treatment processes, is crucial through
stricter regulations. Promoting sustainable agricultural practices
and effective waste management can further reduce pollution
entering the bay. Addressing the ecological impacts of nutrient
and trace metal influx in YSB requires a multi-faceted approach,
including enhanced monitoring, pollution source control, habitat
restoration, and community engagement, to maintain water quality
and prevent severe eutrophication impacts

4 Conclusion

The spatial-temporal distribution and association with
eutrophication, trace metals (Fe, Mn, Cu, and Zn), and nutrients
(N, P, and Si) were investigated during summer surface seawater
across 12 stations in YSB, located in Northern China. Significant
variations in the distribution of trace metals and nutrients were
observed, suggesting influences from anthropogenic pollution,
discharged effluent, industrial and aquaculture activities,
organismal uptake, and atmospheric deposition. Dissolved trace
metals and nutrients displayed similar spatial-temporal patterns,
indicating common influencing factors and sources, as revealed by
correlation and PCA analysis. PC1 and PC2 collectively explained
98.1% of the total variance, with PC1 showing positive loading of
Cu and other nutrient constituents, while PC2 indicated positive
loading of Fe, Cu, NH,", and PO,*. Variations in trace metals and
nutrient concentrations were noted across different years at all
stations. Eutrophication distribution across the twelve stations
revealed decreasing nutrient enrichment from inshore to offshore
areas, indicating localized zones of heightened nutrient inputs and
varying productivity levels. The linear relationship between
eutrophication and trace metals, as well as nutrients, in the
coastal waters, revealed a weak positive correlation with trace
metals and a significant correlation with nutrients. As per the
correlation analysis, nitrogen compounds were presumed to be
the primary driving factor behind the fluctuations in eutrophication
levels in this partially enclosed bay. Comparatively, the
concentrations of trace metals, nutrients, and eutrophication in
this bay were lower than those observed in other global and Chinese
bays. Despite nutrient and trace metal concentrations generally
meeting Grade-I seawater quality standards, there was a risk of
contamination due to anthropogenic inputs from industrial effluent,
waste discharge, sewage treatment plants, and mariculture
operations. However, further research is needed to deepen
understanding of the mechanisms underlying the relationship
between trace metals, nutrients, and eutrophication. Therefore,
this study offers valuable insights into the biogeochemical cycling
process and distribution of nutrients, trace metals as well as
eutrophication in the surface seawater of a typical bay in China.
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