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Zostera japonica, as one of the major seagrasses in the Yellow River Estuary, plays

a critical ecological role, particularly in providing habitat for marine organisms,

stabilizing sediment, and contributing significantly to carbon sequestration. In

recent years, Zostera japonica seagrass beds have receded extensively due to

multiple impacts of natural factors and human activities. This study investigates

the complex effects of extreme climate events and human activities on the

growth mechanisms of Zostera japonica in the Yellow River Estuary using a

combination of field sampling, laboratory analysis, and quantitative calculations.

The result shows that there are significant differences in sediment characteristics

between the north and south shores, with the south shore having finer sediments

and higher nutrient content, which support more robust seagrass growth. The

Water and Sediment Regulation Scheme (WSRS) dramatically alters water quality

by reducing salinity and increasing turbidity, thus inhibiting photosynthesis and

disrupting the physiological functions of Zostera japonica. Additionally, WSRS

introduces an increase in heavy metals, which could potentially impact plant

health and stress levels. Extreme weather events, particularly Super Typhoon

Lekima, further compound these impacts by causing soil erosion, uprooting

seagrass beds, and reducing biomass and seed production. The interplay of

WSRS, climate change, and anthropogenic activities necessitates integrated

management strategies to mitigate adverse effects and enhance habitat

resilience. This study underscores the need for specific management

strategies, such as controlling heavy metal inflows, implementing sediment

stabilization techniques, and regulating freshwater discharge during key

growth periods, to mitigate adverse effects and enhance habitat resilience for

Zostera japonica in the Yellow River Estuary.
KEYWORDS

Zostera japonica, Yellow River estuary, WSRS, extreme climate, habitat, heavy
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1 Introduction

Seagrasses are vital components of coastal ecosystems

worldwide, known for their high primary productivity and

essential roles in carbon sequestration, habitat provision, and

shoreline protection. Seagrasses are submerged angiosperm that

grows widely in intertidal to subtidal zones in shallow waters of

tropical and temperate seas, and can cover thousands of kilometers

of coastline, adapting to the dramatically changing environmental

conditions at the ocean margins (Peng, 2007; Zhang et al., 2016).

Seagrass ecosystems are among the most productive aquatic

ecosystems in the biosphere, rivalling mangroves and coral reefs

in their carbon sequestration capacity and provision of critical

ecological services (Peng, 2007; Garcia-Marin et al., 2013; Wang

et al., 2016). Large areas of continuous seagrass form seagrass beds,

which have high ecological and economic value. Zostera japonica, in

particular, plays a crucial role in these ecosystems by providing

habitat and food for a variety of marine organisms, participating in

nutrient cycling, and stabilizing sediment (Les and Waycott, 1997;

Mao et al., 2022).

The Yellow River estuary is a typical and unique ecological

environment that significantly influences the growth of Zostera

japonica. Its distinctive geographical and ecological characteristics,

including high sediment loads and variable salinity, create a

dynamic environment for seagrass growth. The Yellow River,

being the most sediment-laden river in the world, delivers

substantial sediment to the estuary, profoundly shaping the

estuarine ecosystem. High sediment loads increase turbidity,

which limits light penetration essential for photosynthesis in

seagrasses. Additionally, the constant deposition of sediments

alters the physical landscape, influencing nutrient availability and

habitat structure. These sediment dynamics create a highly variable

environment that impacts the growth and survival of species like

Zostera japonica, challenging their adaptation to frequent changes

in water quality, sediment texture, and nutrient concentrations

(Han et al., 2017; Hou et al., 2020; Yi et al., 2024).

Global climate change has led to an increase in the frequency

and intensity of extreme weather events such as heatwaves, cold

spells, and storm surges. These events pose significant threats to

seagrass beds particularly to Zostera japonica, by inducing

temperature stress during heatwaves, causing cellular damage

during cold spells, and resulting in mechanical damage from

storm surges, which can uproot plants and disrupt sediment

stability (Gao et al., 2023). For instance, heatwaves can cause

thermal stress, leading to decreased photosynthetic efficiency and

increased respiration rates in seagrasses. Cold spells can result in

cellular damage and reduced growth rates. Storm surges can lead to

physical damage to seagrass beds, including sediment displacement,

which buries or erodes seagrass shoots, and root system damage,

which weakens plant anchorage and reduces nutrient uptake. These

disturbances further destabilize the habitat, making recovery for

species like Zostera japonica more challenging (Bradley and Stolt,

2006; Hou et al., 2020). These climatic events disrupt the delicate

balance of the seagrass ecosystem, leading to long-term degradation

and loss of habitat.
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Human activities such as coastal development, pollutant

discharge, and overfishing have significantly disturbed seagrass

ecosystems. Coastal development often leads to habitat

destruction and increased sedimentation, which smothers seagrass

beds and reduces light availability for photosynthesis. Pollutant

discharge, including heavy metals and pesticides, directly affects the

health and survival of seagrass plants. Overfishing disrupts the food

chain and ecological balance within seagrass ecosystems by

removing key species, such as fish and invertebrates, that play

vital roles in nutrient cycling and sediment aeration (Xu et al., 2009;

Marb and Duarte, 2010; Wang et al., 2016). In the Yellow River

estuary, specific human activities such as the Xiaolangdi water and

sediment regulation scheme (WSRS) have exacerbated these issues.

WSRS, implemented in 2002, has altered the natural flow of the

Yellow River, resulting in significant sediment discharge during the

Zostera japonica growth period. This leads to increased turbidity

and nutrient loading, which significantly impact Zostera japonica.

The heightened turbidity reduces light penetration, limiting

photosynthesis and weakening the plant’s energy production.

Excess nutrient loading can also stimulate algal blooms, which

further decrease light availability and compete with Zostera

japonica for resources, ultimately hindering its growth and

reproduction. The combined effects of waves, tides, and winds

create a constantly changing environment that further stresses

seagrass growth (Yang et al., 2011; Zhang et al., 2021).

Current research has provided insights into the impacts of

extreme climate events and human activities on seagrass beds.

However, there is a lack of comprehensive studies that

simultaneously examine the synergistic effects of extreme climatic

events and human activities on Zostera japonica, particularly in the

unique conditions of the Yellow River estuary. Existing studies have

primarily focused on either climatic impacts or human activities in

isolation, without addressing their synergistic effects on Zostera

japonica growth mechanisms. In particular, there is a lack of

systematic research on how the estuary’s extreme sedimentation

dynamics and heavy metal pollution collectively affect the

physiological and biochemical responses of Zostera japonica (Ma

et al., 2020; Yue et al., 2021; Zhang et al., 2021). Furthermore,

research specific to the Yellow River estuary is limited, especially in

understanding the detailed physiological and biochemical responses

of Zostera japonica to the dynamic and challenging conditions of

this environment. The catastrophic impact of events such as the

2019 Super Typhoon Lekima, which caused extensive damage to

seagrass beds and significant reductions in soil organic carbon and

nitrogen pools, highlights the need for focused research in this area

(Yue et al., 2021).

This study aims to comprehensively analyze the effects of

extreme climatic events and human activities on the growth

mechanisms of Zostera japonica in the Yellow River estuary. By

conducting long-term monitoring and detailed analysis of plant

growth conditions and environmental factors, this research seeks to

fill existing knowledge gaps and provide scientific evidence to

support the conservation and management of seagrass habitats in

this region. The findings of this study have significant implications

for understanding and mitigating the effects of global climate
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change on marine ecosystems. By elucidating the growth

mechanisms of Zostera japonica under the combined influence of

extreme climatic events and human activities, this research will

contribute to the development of effective conservation and

restoration strategies for seagrass beds. Additionally, the study

will offer valuable insights for the management of the Yellow

River estuary, promoting sustainable practices that protect and

enhance the ecological health of this critical habitat.
2 Method

2.1 Study area and sampling locations

The Yellow River estuary is located in eastern China, in the

Bohai Bay in northeastern Shandong Province, and is one of the

most representative sediment deposition deltas in the world.

The Yellow River, with a total length of about 5,464 kilometers,

as one of the rivers with the highest sand content in the world and

the second largest river in China, inputs large amounts of sediment

and freshwater into the Bohai Sea every year, creating a typical

estuarine environment. The Yellow River estuary region thus

exhibits a highly dynamic ecological environment, including

dramatic hydrological and sedimentary changes. These sediment

deposits are constantly modifying the morphology of the estuary,

creating wide shallows and wetlands that provide unique habitats

for many plants and animals.

Zostera japonica in the Yellow River estuary grows in the

shallow subtidal zone of the estuary, with a suitable water depth

of 1-2 m, characterized by moderate salinity levels (typically ranging
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from 20 to 40 psu) and sediment composed primarily of fine sand

and silt. These sediments support nutrient retention and provide

growth stability, yet seasonal river discharge and tidal currents

introduce significant fluctuations in salinity and turbidity. Such

variability affects light penetration, impacting photosynthesis and

overall growth. High temperatures and low oxygen levels further

constrain its growth, and when salinity levels rise above 40 psu,

germination rates significantly decrease. These dynamic

environmental conditions pose challenges for the reproduction

and stability of Zostera japonica populations. It is distributed on

both the north and south sides, and its growth period is from April

to October each year. The distribution area of Zostera japonica in

the Yellow River Delta was reduced by more than 100-fold after

Super Typhoon Lekima, and the loss of soil organic carbon was

greater than 35%, and the loss of total soil nitrogen in the top 35 cm

sediment was greater than 65% (Yue et al., 2021).

According to the different sediment deposition types, two study

sites on the north (119°11’E, 37°86’N) and south (119°27’E, 37°

74’N) shores of the Yellow River Estuary were selected with

reference to the study of Zhang et al. (2021) (Figure 1). The north

shore site, characterized by erosion and coarser sediment, reflects

the dynamic, nutrient-limited conditions of areas affected by strong

hydrodynamic forces. In contrast, the south shore site, dominated

by finer sediment deposition, represents more stable conditions

with higher nutrient retention, conducive to seagrass growth. These

sites collectively capture the diversity of sedimentary and

hydrodynamic conditions found across the broader estuarine

environment. A square sample area of approximately 100 m x100

m was selected at each study site, with nine 1 m x 1 m sample plots

uniformly designed.
FIGURE 1

Schematic diagram of the study area.
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2.2 Survey on the growth of
Zostera japonica

Zostera japonica was selected to monitor its growth from April

to September of the growth cycle, and five sampling activities were

carried out at two sampling sites in April, May, June, July and

September 2021, including one additional sampling in July due to

WSRS at Xiaolangdi and one stop sampling in August due to bad

weather. The collected samples included Zostera japonica plants

(including roots), surface water, surface soil, and rhizosphere soil.

These samples were transported to the laboratory under dark

conditions and maintained at a low temperature of approximately

4°C to prevent degradation. Samples were stored in insulated

containers with ice packs to ensure a stable temperature

throughout the transportation process, minimizing any potential

alterations in their chemical and biological properties. And sample

collection activities were conducted following approval from the

Shandong Yellow River Delta National Nature Reserve.
2.3 Indoor experimental design and
index determination

2.3.1 Plant analysis
Zostera japonica plants were carefully washed with distilled

water to avoid contamination from external substances, and the

plant height of each sample was measured using a precise digital

caliper to ensure accuracy. The plants were then processed by killing

at 105°C for 12 minutes and drying at 70°C for 24 hours. The dry

weight of the plants, including both above-ground and below-

ground parts, was measured using an analytical balance. The

dried plant material was ground, passed through a 150 mm nylon

mesh, and frozen for subsequent carbon and nutrient analysis. Soil

total carbon (TC) and total nitrogen (TN) concentrations were

determined using an Elementar Vario Macro Cube elemental

analyzer, calibrated with certified standard materials to ensure

accuracy. The analyzer was set to detect TC and TN with a

precision of ±0.1% and accuracy within ±0.5%. Regular

calibration checks were conducted before each batch of samples

to maintain data reliability and to minimize measurement drift.

Total phosphorus (TP) was measured using a high-resolution

inductively coupled plasma emission spectrometer (ICP-OES,

Thermo Fisher), and the concentrations of various metal elements

were determined using an inductively coupled plasma mass

spectrometer (ICP-MS, Thermo Fisher). All sample processing

and analyses were conducted at the State Key Laboratory of

Water Environment Simulation, School of Environment, Beijing

Normal University (Beijing, China).

2.3.2 Sediment and water quality analysis
In the sampling point site using YSI (EXOmulti-parameter water

qualitymonitor, U.S.) tomonitor water temperature (T), conductivity

(cond.), dissolved oxygen (DO), pH, total soluble solids (TDS),

turbidity (NTU) and chlorophyll (Chla) and other water quality

indicators. The analyzer’s sensitivity allows detection of nutrient
Frontiers in Marine Science 04
concentrations down to 0.01 mg/L, with an accuracy of ±0.2%.

Regular calibration was performed using certified standards to

ensure data accuracy and consistency across all measurements. And

each sampling point of the collected water samples into acid-washed

polyethylene plastic bottles, cryopreservation, brought back to the

laboratory. Water quality indices, including TN, TC, and TP, were

measured using a water quality analyzer. Sediment samples were

dried naturally in the laboratory and the particle size was determined

using a particle size analysis laser particle size analyzer (Horiba,

France). The remaining sediment samples were ground and passed

through a 100-mesh nylon sieve. TC and TN contents in the sediment

were measured using an elemental analyzer (VARIOEL Elemental

Analyzer, ELEMENTAR, Germany), while TP content was

determined using high-resolution inductively coupled plasma

atomic emission spectrometry (HR-ICP-AES, SPECTRO,

Germany). The samples were processed following standard

protocols, and the concentrations of TP, Fe, Mn, Cu, Zn, Pb, Cr,

and Cd were determined using ICP-MS and ICP-OES.

2.3.3 Heavy metal risk assessment
An ecological risk index (RI) was used to evaluate the potential

risk to Zostera japonica from metals in sediments in the study area.

The RI values were used to estimate the cumulative ecological risk

based on the concentration of known metals in the sediment and

the toxicity response coefficient of each metal (Hakanson, 1980),

where RI < 150 was considered low risk, 150 - 300 was considered

medium risk, and RI > 300 was considered high risk (Liu et al., 2020;

Wang et al., 2021a). The calculation formula is as follows.

RI=on
i E

i
r=on

i T
i
r(

Csedimenti

Cbackgroundi
) (1)

where Tr is the toxicity response factor of metal i, RI is the

cumulative impact of metals in sediment, Er is the single metal

ecological risk index, Csediment is the concentration of metal i in

sediment, and Cbackgroud is the concentration of background

concentration of metal i in the study area (mg-1), data from Zhao

and Yan (1994) and Wang et al. (2021b).

The degree of accumulation of each metal element in Zostera

japonica was evaluated by measuring the bioconcentration factor

(BCF), which reflects the ability of organisms to absorb metal

elements from the sediment, and was calculated as follows.

BCF=
CZ,japonica tissue

Csediment
(2)

where CZ, japonica tissue and Csediment are the metal content (mg-1)
in Zostera japonica tissue and sediment, respectively.
3 Results

3.1 Sediment and water quality indexes

3.1.1 Physicochemical indicators of surface water
DO and pH values in the surface waters of the study area during

the sampling period were not significantly different between the
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north and south shores, while conductivity, total suspended solids

and turbidity were significantly higher on the north shore than on

the south shore, and all showed a significant decrease in mid-July.

The concentrations of TN and TP in the north shore were

significantly lower than those in the south shore (Table 1), and

the concentrations of TN and TP in the water in the south shore

were 2.96~ 3.19 mg/L and 0.09 ~0.45 mg/L, respectively, which were

higher than those in the north shore of 1.79~ 2.66 mg/L and 0.02~0.

25 mg/L (Table 2). During the period of WSRS, the physical and

chemical indexes of surface water changed significantly. The

salinity, conductivity, and total suspended solids of both north

and south shores showed a significant decrease due to the large

increase of diluted water, and gradually increased after WSRS;

Turbidity, TN, TP, and DO levels increased noticeably during the

period of WSRS due to the inflow of large amounts of sediment and

decreased after the end ofWSRS. Comparing these findings with the

optimal habitat thresholds for Zostera japonica (Yi et al., 2023),

which thrives in turbidity levels below 150 NTU and prefers TN and

TP concentrations conducive to its nutrient needs, it is evident that

turbidity levels exceeded the ideal range during peak WSRS

sediment inflow, potentially limiting photosynthesis. Additionally,

the salinity levels dropped below the preferred 20-25 ppt range

during WSRS, potentially stressing Zostera japonica due to

osmotic imbalance.

On the south shore, Chla concentrations were higher in the

early stage of WSRS, ranging from 5.0 to 9.1 mg/L, indicating higher
photosynthetic activity. As the WSRS progressed, Chla

concentrations significantly decreased to 3.8~4.4 mg/L and 1.6~3.7

mg/L in the middle and late stages of the WSRS. In contrast, Chla

concentrations on the north shore were significantly lower than

those on the south shore at all WSRS stages. In the early stage, Chla

concentration was only 1.7~2.1 mg/L, while in the middle and late

stages, Chla further decreased to 1.2~1.7 mg/L and 0.06~0.14 mg/L.

3.1.2 Physicochemical indicators of sediments
The surface sediments of the seagrass beds in the sampling areas

of the north and south shores were classified according to the Folk’s

classification system. On the north shore, sediments were initially
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classified as Silty Sand before WSRS, characterized by a mixture of

fine sand and silt with low clay content. During WSRS, these

sediments transitioned to Sandy Silt, with a noticeable decrease in

sandy gravel and an increase in silt and clay content, indicating

enhanced deposition of finer particles. On the south shore, both

surface and root sediments were primarily classified as Sandy Silt

throughout the study period, except for the initial sample, which

was Silty Sand. Similar to the north shore, the south shore

sediments also exhibited a trend of decreasing sandy gravel and

increasing silt and clay proportions during WSRS, reflecting

changes in sediment dynamics influenced by the water and

sediment regulation scheme (Figure 2).

The median particle size (D50) of the surface sediments on the

north shore showed a general decreasing trend during the sampling

period, with a small increase at the end of June and then a

continuous decrease, fluctuating from 50.55 to 70.87 mm. The

surface sediments on the south shore showed a decreasing and

then increasing trend, reaching a minimum at the end of June,

fluctuating from 51.02 to 59.82 mm (Figure 3A). The D50 of the root

sediments on the north shore showed a linear decrease during the

sampling period, with D50 decreasing significantly from 72.79 mm
to 51.72 mm, while the south shore root sediment fluctuated from

49.49 to 56.30 mm, consistently smaller than the particle size on the

north shore (Figure 3B).

The temporal and spatial trends of TC, TN and TP contents in

seagrass bed sediments at the sampling sites on the north and south

shores of the Yellow River estuary are shown in Figure 4. Except for

TN in surface sediments on the north shore, the contents of other

substances generally decreased in the early stage, increased at the

end of June due to WSRS, and then continue to decrease; TN

contents in surface sediments on the north shore continued to

increase after a small decrease at the end of May, showing an overall

increasing trend. With the continuous deposition of sediment and

nutrients in the estuary, the content of TC, TN and TP in the root

sediment on the north shore increased by 6.0%, 21.5% and 40.9%,

respectively, at the end of June compared to the first sampling, while

the surface sediment of the south shore increased by 94.5%, 99.2%

and 9.8%. The root sediment on the south shore decreased by 7.2%,
TABLE 1 Physicochemical index of surface water in the south shore.

Index Early stage of WSRS Mid-term WSRS Later stage of WSRS

Salinity (‰) 23.2~24.4 (23.8) 0.3~0.7 (0.5) 10.3~17.5 (13.9)

Temperature (°C) 17.6~25.5 (21.6) 23.4~27.7 (25.6) 22.7~25.5 (24.1)

DO (mg/L) 7.0~7.5 (7.3) 9.8~10.3 (10.1) 6.1~7.2 (6.7)

PH 8.5~8.7 (8.6) 9.6~9.8 (9.7) 9.3~10.1 (9.7)

Conductivity (ms/cm) 30281~38779 (35030) 601~715 (658) 18445~27173 (22809)

Total suspended solids (mg/L) 22885~24957 (23921) 548~732 (640) 11395~18446 (14920)

Turbidity (NTU) 34.3~132.3 (83.3) 328~479 (403.5) 10.3~18.0 (14.2)

Chla (mg/L) 5.0~9.1 (7.1) 3.8~4.4 (4.2) 1.6~3.7 (2.7)

Total nitrogen (mg/L) 3.0~3.1 (3.1) 3.2~3.4 (3.3) 3.0~3.2 (3.1)

Total phosphorus (mg/L) 0.1~0.4 (0.3) 0.4~0.6 (0.5) 0.1~0.3 (0.2)
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FIGURE 3

Sediment grain size in the sample area, where (A) is the median grain size of surface sediment and (B) is the median grain size of root sediment.
FIGURE 2

Sediment particle size distribution ratio, where N indicates the south shore B indicates the north shore, 11 indicates the first sampled surface
sediment and 12 indicates the first sampled root sediment.
TABLE 2 Physicochemical index of surface water in the north shore.

Index Early stage of WSRS Mid-term WSRS Later stage of WSRS

Salinity (‰) 23.2~24.4 (23.8) 0.3~0.7 (0.5) 10.3~17.5 (13.9)

Temperature (°C) 17.6~25.5 (21.6) 23.4~27.7 (25.6) 22.7~25.5 (24.1)

DO (mg/L) 7.0~7.5 (7.3) 9.8~10.3 (10.1) 6.1~7.2 (6.7)

PH 8.5~8.7 (8.6) 9.6~9.8 (9.7) 9.3~10.1 (9.7)

Conductivity (ms/cm) 30281~38779 (35030) 601~715 (658) 18445~27173 (22809)

Total suspended solids (mg/L) 22885~24957 (23921) 548~732 (640) 11395~18446 (14920)

Turbidity (NTU) 34.3~132.3 (83.3) 328~479 (403.5) 10.3~18.0 (14.2)

Chla (mg/L) 5.0~9.1 (7.1) 3.8~4.4 (4.2) 1.6~3.7 (2.7)

Total nitrogen (mg/L) 3.0~3.1 (3.1) 3.2~3.4 (3.3) 3.0~3.2 (3.1)

Total phosphorus (mg/L) 0.1~0.4 (0.3) 0.4~0.6 (0.5) 0.1~0.3 (0.2)
F
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32.3% and increased by 2.3%, respectively. The mean

concentrations of TC, TN and TP in the sediments of the north

and south shores were not significantly different.
3.2 Growth dynamics of Zostera japonica

3.2.1 Growth status of Zostera japonica
There are obvious differences in the growth of Zostera japonica

between the north and south shores of the Yellow River Estuary

(Figure 5). On the south shore, the biomass of Zostera japonica first

increased and then decreased, reaching a maximum biomass of

about 53g/m2 at the end of June, with a continuous increase in plant

height, reaching a maximum average of 25.85 ± 7.9 cm in

September. On the north shore, Zostera japonica was sparsely

distributed, reaching a maximum biomass of about 11g/m2 at the

end of May and a maximum plant height of 9.3 ± 2.1 cm at the end

of June, with incomplete morphology and broken leaves. The

biomass and plant height were significantly lower than those of

the south shore, and no surviving Zostera japonica was found

during the sampling in September, and Zostera japonica

disappeared from the north shore.
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3.2.2 Changes in nutrients of Zostera japonica
Due to the limited number of Zostera japonica on the north

shore and insufficient plant quality in the later stages to meet the

minimum mass required for elemental analysis, TC and TN of

Zostera japonica on the north shore were only measured for the first

three samples. The concentrations of TC and TN in Zostera

japonica on the south shore of the Yellow River Estuary showed a

decreasing trend from April to late May, followed by a significant

increase, and then kept decreasing. Total phosphorus showed an

increasing trend from April to the end of June, followed by a

decreasing trend. The contents of TC, TN, and TP in Zostera

japonica ranged from 18.06% to 31.43%, 1.34% to 2.32%, and

0.20% to 1.36%, respectively (Figure 6). On the north shore, the

concentrations of TN in Zostera japonica showed a decreasing trend

from May to the end of June, while TP did not fluctuate much

except for a low value in mid-July. The contents of TC, TN, and TP

in Zostera japonica on the north shore ranged from 9.41% to

28.16%, 0.87% to 2.53%, and 0.06% to 0.49%, respectively

(Figure 6). Overall, the concentrations of TN and TC in Zostera

japonica on the north shore were higher than those on the south

shore in the early period, while TP was generally lower than on the

south shore.
FIGURE 5

Plant height and biomass of Zostera japonica in the Yellow River estuary (A) south shore; (B) north shore.
FIGURE 4

Variation of TC, TN and TP contents in sediments (A) TC; (B) TN; (C) TP.
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3.3 Heavy metal analysis of sediment and
Zostera japonica

3.3.1 Heavy metal content determination
As shown in Figure 7, the metal contents of sediments on the

north and south shores of the Yellow River estuary did not differ

much, and the metal concentrations at the two sites remained

relatively stable throughout the sampling period. The metal content

of Zostera japonica fluctuated significantly throughout the sampling

period. The Fe content was lower than the elemental content of

sediments on both shores, while Cd, Mn, Pb, and Zn were higher

than the elemental content of sediments on both shores, and the

trend of Cr and Cu was not obvious. The average concentrations of

Cd, Cr, Cu, Fe, Mn, Pb, and Zn in the sediments of the Zostera

japonica growth area on the north shore were 0.46 mg/g, 17.47mg/g,
11.66mg/g, 17.13mg/g, 0.74mg/g, 26.45mg/g, and 3.35mg/g,
respectively, and 0.47mg/g, 16.0mg/g, 10.4mg/g, and 10.4mg/g,
respectively, on the south shore. The average concentrations of

Cd, Cr, Cu, Fe, Mn, Pb and Zn in Zostera japonica on the north

shore were 2.93mg/g, 27.78mg/g, 13.94mg/g, 10.02mg/g, 1.81mg/g,
190.56mg/g and 8.40mg/g, respectively, and 3.53mg/g, 12.34mg/g,
14.64mg/g, 7.93mg/g, 2.17mg/g, 72.65mg/g and 4.46mg/g on the south

shore, and the concentrations of Cr, Pb and Zn were significantly

higher than those on the north shore. In addition, the

concentrations of all these metals in Zostera japonica decreased

slightly with the growth period and then increased with the

maturation of Zostera japonica.
3.3.2 Heavy metal risk assessment
The RI value estimates the cumulative ecological risk based on

the concentrations of all metals in the sediment and the toxic

response coefficient of each metal (Hakanson, 1980). As shown in

Tables 3, 4, the cumulative ecological risk of heavy metals in

sediments on both shores was low in the early stage, increased in

the later stage with the beginning of WSRS, and finally decreased

with the end of WSRS. Cd was identified as the main risk metal. The

south shore remained at a medium risk level, while the north shore

was at a low risk level until the end of WSRS, when it transitioned to

a high risk level before decreasing to a medium risk level.
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The bioconcentration factor (BCF) was used to evaluate the

enrichment capacity of Zostera japonica for heavy metals in

sediments. Among these metals, Cd, Mn, Pb, and Zn were heavily

enriched in Zostera japonica tissues, with mean BCF values of 7.0

and 6.0 for Cd on the south and north shores, respectively; 4.4 and

2.3 for Mn on the south and north shores, respectively; 2.8 and 7.1

for Pb on the south and north shores, respectively; and 1.5 and 2.7

for Zn on the south and north shores, respectively (Figure 8).

Except for Cd and Mn, the enrichment capacity of Zostera

japonica on the north shore was higher than that of Zostera

japonica on the south shore. The accumulation of a large number

of heavy metals poses a certain threat to the growth of Zostera

japonica and the survival of other aquatic organisms, with Cd and

Pb being the main enrichment of Zostera japonica on the north

shore and Cd and Mn being the main enrichment metals on the

south shore.
3.4 Analysis of the relationship between
Zostera japonica growth and
environmental factors

The Pearson correlation coefficients between the height and

biomass of Zostera japonica plants and various environmental

factors are shown in Figure 9. In the south shore sample area,

significant correlations (P < 0.05) were found between the height

and biomass of Zostera japonica and water salinity, total suspended

solids, and chlorophyll content, with correlation coefficients around

0.9. Additionally, strong correlations were observed with plant and

sediment nutrient contents, with coefficients close to 0.8. In the

north shore sample area, the correlation coefficients between the

height and biomass of Zostera japonica and water salinity, total

suspended solids, cumulative plant nutrients C and N, and nutrient

C content in sediment exceeded 0.9, indicating significant relation.

These results indicate that the growth of Zostera japonica in both

sample areas is influenced by water salinity, total suspended solids,

and sediment nutrient content. The growth of Zostera japonica on

the south shore is more susceptible to hydrodynamic effects, as

indicated by the significant correlations with water quality factors.

During the flood season andWSRS, the increased flow of the Yellow
FIGURE 6

Changes in TC, TN and TP contents of Zostera japonica plants in the Yellow River estuary (A) TC content; (B) TN content; (C) TP content.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1470151
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Gao et al. 10.3389/fmars.2024.1470151
TABLE 3 Ecological risk assessment of heavy metals in sediments on the south shore.

Date Er-Cr Er-Cu Er-Zn Er-Cd Er-Pb Er-Mn RI

5.1 0.517 1.597 0.071 150.479 1.586 0.001 154.251

5.27 0.545 1.590 0.074 210.985 1.572 0.001 214.767

6.3 0.557 1.547 0.072 179.965 1.664 0.001 183.806

7.14 0.632 1.843 0.090 252.564 2.050 0.001 257.180

9.1 0.516 1.501 0.076 200.642 1.667 0.001 204.403
F
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FIGURE 7

Changes in Cd (A, B), Cr (C, D), Cu (E, F), Fe (G, H), Mn (I, J), Pb (K, L) and Zn (M, N) contents in sediments and Zostera japonica plants in the Yellow
River estuary on the north and south shores.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1470151
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Gao et al. 10.3389/fmars.2024.1470151
River into the sea altered water quality, increased turbidity, and

affected the photosynthesis and oxygen conditions of Zostera

japonica. The increased inundation depth and prolonged

inundation time also impacted the growth of Zostera japonica.

Correlation analysis of nutrients and heavy metals in plants and

sediments at the two sample sites showed that Zostera japonica at

both sites had some correlation with the corresponding nutrient

and metal content in sediments. On the south shore, strong

correlations were found between C, N, Cd, and Zn in Zostera

japonica and the corresponding elements in sediments. On the

north shore, significant correlations were observed between Cd, Pb,

and P in Zostera japonica and the corresponding elements in

sediments. The weaker correlations for other elements may be

related to the continuous scouring of the sediment by seawater

during the sampling period and the small sample size of Zostera

japonica on the north shore. Additionally, some elements in plants

showed significant correlations (P < 0.05) with other elements in

plants or sediments, such as Fe and Cr in Zostera japonica on the

south shore and Pb in plants and P in sediments. These findings

highlight the complex interactions between environmental factors

and the growth of Zostera japonica in the Yellow River estuary,

emphasizing the importance of considering multiple factors in the

conservation and management of seagrass beds.
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4 Discussion

The WSRS significantly affects the Yellow River estuary,

particularly concerning water quality, sediment dynamics, and the

health of Zostera japonica seagrass beds. WSRS induced significant

fluctuations in water quality parameters (Yi et al., 2023). Before

WSRS, the estuary maintained relatively stable salinity levels,

supporting optimal growth conditions for Zostera japonica.

However, during WSRS, the influx of freshwater drastically

reduced salinity and increased turbidity. These conditions

inhibited light penetration, which is essential for photosynthesis,

thereby stressing the seagrass. The reduction in salinity disrupted

the osmotic balance of Zostera japonica, affecting its physiological

functions and overall health. The south shore, closer to the estuary,

is more influenced by freshwater inflow, which carries finer

sediments and organic-rich particles. These finer particles have a

higher surface area and better adsorption capacity, which enhances

the retention of nutrients in the sediment (Yang et al., 2011).

Consequently, this nutrient-rich environment provides Zostera

japonica with a readily available nutrient supply, likely leading to

the observed significant increases in TC and TN concentrations

within the seagrass tissue. The stable, fine-grained sediments not

only reduce nutrient leaching but also improve root anchorage,
FIGURE 8

Bioconcentration factors (BCF) of Zostera japonica for each metal.
TABLE 4 Ecological risk assessment of heavy metals in sediments on the north shore.

Date Er-Cr Er-Cu Er-Zn Er-Cd Er-Pb Er-Mn RI

5.1 0.455 1.316 0.062 143.066 1.334 0.001 146.234

5.27 0.566 1.400 0.066 111.427 1.289 0.001 114.749

6.3 0.524 1.448 0.067 124.420 1.605 0.001 128.065

7.14 0.620 1.622 0.089 311.730 2.436 0.001 316.498

9.1 0.571 2.018 0.102 261.872 2.248 0.002 266.813
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allowing Zostera japonica to effectively absorb and accumulate these

nutrients for growth (Zhang et al., 2021). On the north shore,

although sediment composition changed less dramatically, the

existing coarser sediments continued to pose challenges for

nutrient retention and root stability, leading to poorer growth

conditions for the seagrass. Moreover, the water carried by WSRS

is not only fresh but also contains high levels of heavy metals. This

influx significantly altered the distribution and concentration of

heavy metals in the estuarine sediments and in Zostera japonica.

The changes in sediment input and particle composition

brought about by the WSRS elevated the heavy metal loads in

sediments in the short term. However, this phenomenon was a

short-term fluctuation, and the heavy metal concentrations and

their risks in the sediments subsequently receded after the end of

WSRS (Liu et al., 2019; Chen et al., 2021; Wang et al., 2021b). The

relatively low Fe content in Zostera japonica is primarily due to Fe

in the sediment being present in an oxidized form that is not easily

absorbed, resulting in low bioavailability. Cd, Mn, Pb, and Zn

exhibit higher mobility and bioavailability, making them more

readily absorbed and accumulated in plant tissues (Lin et al.,

2016; Hu et al., 2019). Nevertheless, to alleviate the adverse

physiological effects of heavy metals, seagrasses may utilize two

primary tolerance strategies: an exclusion or compartmentalization

approach, where the highest concentrations of metals are

sequestered in belowground structures (such as roots), and a

translocation strategy, which results in the majority of metals

accumulating in aboveground parts (like leaves). By routinely

regenerating their leaves, seagrasses can effectively reduce toxic

metal accumulation (Bonanno and Raccuia, 2018; Hu et al., 2019).

Thus, the threat to the ecosystem from heavy metal pollution in the

region is relatively limited.

The main way to maintain stable reproduction of Zostera

japonica populations is through targeted management strategies,

such as sediment stabilization to prevent erosion, controlled seeding

from healthy populations, and regulating water flow to reduce stress

from salinity and turbidity changes. Establishing protected zones
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can also limit human disturbances, supporting natural regeneration

(Yue et al., 2020). Yue et al. (2021) found that Super Typhoon

Lekima in August 2019 caused severe damage to Zostera japonica

seagrass beds in the Yellow River Estuary, and the main cause of

Zostera japonica mortality was soil erosion caused by the typhoon,

when Zostera japonica was flowering and seed production was

severely reduced, and the lack of seeds and overwintering shoots

was the main reason for the disappearance of Zostera japonica

seagrass beds in the field study in 2020 (Yue et al., 2020), and also

the main reason for the disappearance of Zostera japonica seagrass

beds and the decline of biomass in the north shore and the decline

of biomass in the south shore found in this study. In 2019, the south

shore’s Zostera japonica exhibited greater biomass and plant height,

with a maximum of 142 g/m² and 23.78 cm, respectively, compared

to the north shore’s 80 g/m² and 18.41 cm. However, both areas saw

declines in 2021, with the north shore experiencing an eightfold

biomass reduction and near disappearance of seagrass by

September, while the south shore’s biomass decreased threefold

without significant changes in plant height (Hou, 2020).

In addition, large areas and numbers of Zostera japonica

disappeared with incomplete growth patterns on the north shore

in 2020 and 2021. Large numbers of snails were found to have been

densely distributed on the surface of the north shore from April-

September during field sampling in 2021 (Figure 10A), while this

phenomenon was not found during field sampling in 2019. Since

snails mainly feed on young aquatic plants, aquatic phytoplankton,

moss, microorganisms, and humus, the large decrease in Zostera

japonica on the north shore may be related to the presence of large

numbers of snails and other benthic animals. According to the

normal growth pattern of plants, it is not valid that the height and

biomass of north shore Zostera japonica plants have been reduced

since the end of June. It was observed that the roots of north shore

Zostera japonica plants were not destroyed, and only the middle

leaves and stems had more neat serrated breaks at them

(Figure 10B), resulting in a significant reduction in plant length.

Snails feed at night, and at night high tide Zostera japonica leaves
frontiersin.or
FIGURE 9

Results of Pearson’s correlation coefficient test between the growth of Zostera japonica and environmental factors on the south shore (A) and north
shore (B).
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are close to the ground under the action of the bottom current and

can be ingested by snails, crabs, and clams. The reason for the

appearance of large numbers of snails in 2021 is unclear. It may be

that the snails were transported to the north shore by tidal currents,

or the habitat may have changed due to natural phenomena such as

typhoons, which adversely affected the growth of Zostera japonica

and may even be the direct cause of the disappearance of Zostera

japonica from the north shore. In addition, since the south shore is

located in the Yellow River Estuary National Ecological Marine

Special Protection Zone, which is free from human activities, while

the north shore is located in the Gudong Seawall, where oil field

exploration projects, seawall projects and tourist attractions have

been built, human activities are inevitable and are one of the factors

affecting Zostera japonica seagrass beds. Potential management

interventions include introducing natural predators to control

snail populations, installing physical barriers around vulnerable

seagrass beds, or selectively removing snails during critical

growth periods.

The comprehensive impact on Zostera japonica seagrass beds in

the Yellow River estuary results from a confluence of natural and

anthropogenic factors. WSRS significantly alters water quality and

sediment dynamics, reducing salinity and increasing turbidity,

which impede photosynthesis and disrupt physiological functions

essential for seagrass health. The influx of sediments, including

heavy metals like Cd, further exacerbates these stressors by

contaminating the habitat and increasing ecological risks.

Extreme weather events, such as Super Typhoon Lekima,

compound these impacts by causing severe physical disturbances,

such as soil erosion and uprooting of seagrass beds, leading to

substantial biomass loss and reduced seed production. These events

also alter sediment composition and nutrient distribution,

hindering the natural regeneration of seagrass. The presence of

benthic organisms, like snails, and human activities, including

industrial pollution and coastal development, further stress the

seagrass beds, particularly on the north shore. WSRS had short-

term adverse effects on seagrass growth, compounded by heavy

metal contamination, climate change, and benthic organisms,

highlighting the complex interplay of natural and anthropogenic

factors affecting these habitats (Yue et al., 2021; Song et al., 2021;
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Wang et al., 2021a, b).This complex interplay of factors necessitates

integrated management strategies to mitigate adverse effects,

enhance habitat resilience, and ensure the long-term sustainability

of Zostera japonica in the Yellow River estuary.
5 Conclusion

This comprehensive study elucidates the multifaceted impacts

of extreme climate events and human activities on the growth

mechanisms of Zostera japonica in the Yellow River estuary. The

findings highlight significant differences in sediment habitats

between the north and south shores, influenced by WSRS and

other environmental factors. The south shore, with its finer

sediments and higher nutrient content, generally supports more

robust seagrass growth compared to the north shore, which is

characterized by coarser sediments and lower nutrient levels.

WSRS affects water quality and sediment dynamics, leading to

reduced salinity and increased turbidity, which impair photosynthesis

and disrupt the physiological functions of Zostera japonica.

Additionally, the influx of heavy metals during WSRS may pose

some ecological risks, further stressing the seagrass beds. Extreme

weather events, such as Super Typhoon Lekima, exacerbate these

impacts by causing physical disturbances, such as soil erosion and

uprooting of seagrass beds, which result in substantial biomass loss

and reduced seed production. The combined effects of WSRS, climate

change, and anthropogenic activities underscore the complexity of

managing and conserving Zostera japonica habitats. Effective

management strategies should integrate efforts to mitigate the

negative impacts of freshwater influx, control pollutant loads, and

maintain optimal water quality. Restoration efforts should focus on

stabilizing sediments, enhancing nutrient retention, and supporting

the natural regeneration of seagrass beds.

Future research should emphasize long-term monitoring to

understand the cumulative impacts of these stressors and explore

the potential for natural recovery. By developing targeted

conservation efforts and adaptive management strategies, it is

possible to promote the resilience and sustainability of Zostera

japonica in the Yellow River estuary.
FIGURE 10

Pictures of snails (A) and Zostera japonica (B) at the north shore sampling site.
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