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Seagrass meadows stabilize coastal sediment through canopy attenuation of

hydrodynamic forces and rhizome mechanical anchoring, yet the full-year

temporal dynamics of this effect across contrasting hydrodynamic conditions

remain poorly documented, and static cross-sectional designs cannot distinguish

seagrass actively driving sediment change from fine-grained substrates passively

attracting colonization. We conducted 14 consecutive months of monthly paired

field observations at three Zostera marina sites along a hydrodynamic exposure

gradient in the Yellow Sea, China, tracking seagrass biomass, sediment properties,

surface elevation, and water optical environment, with hydrodynamic intensity

and benthic microalgal biomass controlled as covariates in linear mixed-effects

models. The difference in median grain size between vegetated and bare areas

(DD50) tracked the seasonal rhythm of aboveground biomass strictly, with

summer peaks of 55, 47, and 29 μm and winter minima of 17, 13, and 11 μm at

the low-, intermediate-, and high-energy sites; the treatment effect changed by

approximately 5% after covariate control. This strict temporal coupling supports

seagrass actively driving sediment stabilization rather than passively colonizing

fine-grained substrates. A non-zero winter residual DD50 coincided with below-

ground biomass remaining at 75–80% of peak values, indicating that rhizome

anchoring maintains baseline stabilization independently after canopy senes-

cence. Cumulative elevation confirmed this pattern, with net deposition of +11

mm at the low-energy vegetated site versus net erosion of −9 mm at the high-

energy bare site. Water transparency differences correlated strongly with leaf area

index (R² = 0.77–0.89, p < 0.001), demonstrating that sediment stabilization

simultaneously improves the benthic light environment. The seasonal amplitude

of stabilization decreased with increasing hydrodynamic exposure, while winter

erosion vulnerability was greatest at the high-energy site. These findings advance

causal attribution of seagrass sediment stabilization from static association to

temporal-dynamics-level evidence, and provide a basis for temporally targeted

conservation — particularly restricting anthropogenic disturbance during winter

at high-exposure meadows.
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1 Introduction

Seagrass meadows rank among the most productive coastal

ecosystems on Earth, with a documented global distribution area of

approximately 267,000 km2 (McKenzie et al., 2020). They provide

substantial ecosystem services, including blue carbon sequestration,

habitat provisioning, and the support of commercially important

fisheries resources (Lima et al., 2023). However, the cumulative

effects of coastal eutrophication, physical disturbance, coastal de-

velopment, and climate change have driven a loss of approximately

one-fifth (19.1%) of global seagrass area since the late nineteenth

century, and decline continues across multiple biogeographic

regions (Dunic et al., 2021). Coastal seagrass beds in China face

similarly severe threats: for example, the iconic Zostera marina

meadow at Caofeidian in the Bohai Sea has experienced dramatic

contraction under land reclamation and other anthropogenic pres-

sures, though satellite monitoring also documents substantial re-

covery to near-peak levels by 2019 (Xu et al., 2021), and habitat

suitability modelling indicates that suitable Z. marina habitat across

the northern Chinese seas is subject to constraints from multiple

environmental factors and human activities (Wang et al., 2024).

Among the key physical processes that enable seagrass meadows to

sustain themselves, sediment stabilization is of particular impor-

tance: seagrass loss can weaken this function and trigger cascading

degradation of habitat conditions (van der Heide et al., 2007;

Maxwell et al., 2017). Understanding the magnitude and temporal

dynamics of sediment stabilization is therefore fundamental to

assessing meadow vulnerability and developing effective conserva-

tion strategies.

Seagrass meadows stabilize sediment through two complemen-

tary pathways. Seagrasses attenuate wave energy and reduce near-

bed flow velocities through their leaf canopies, thereby suppressing

sediment resuspension and promoting the deposition of suspended

particles (Reidenbach and Thomas, 2018; Hansen and Reidenbach,

2013). Belowground root–rhizome networks simultaneously en-

hance substrate resistance to erosion through mechanical anchoring

(Marin-Diaz et al., 2020; Infantes et al., 2022). Together, these two

pathways reduce water-column SPM concentrations and improve

benthic light availability — the primary environmental factor

limiting the distribution of temperate seagrasses (Léger-Daigle

et al., 2022). Quantifying the magnitude and temporal dynamics

of this sediment stabilization effect across seasons is therefore

fundamental to evaluating meadow ecological function and identi-

fying periods of heightened vulnerability.

Considerable mechanistic understanding of seagrass-mediated

sediment stabilization has accumulated for both canopy hydrody-

namic attenuation and rhizome mechanical anchoring, and this

understanding has been broadly validated in flume experiments and

field measurements (Reidenbach and Thomas, 2018; Marin-Diaz

et al., 2020; Infantes et al., 2022). Regarding the canopy pathway,

field measurements by Reidenbach and Thomas (2018) along the

Virginia coast showed that Z. marina canopies reduced significant

wave height by 25–49%, and near-bed shear stress remained

consistently below the critical resuspension threshold throughout

the summer high-density period while simultaneously exceeding it

at adjacent bare sites. Regarding the rhizome pathway, flume
Frontiers in Marine Science 02
experiments by Marin-Diaz et al. (2020) demonstrated that rhizome

networks reduced bedload transport by approximately 50%, and

Infantes et al. (2022) directly measured reductions in lateral

sediment erosion rates of up to 70% attributable to root systems,

with both studies explicitly noting that rhizome effects operate

independently of the aboveground canopy. Additionally, benthic

microalgae can independently provide sediment stabilization by

forming biofilms on the sediment surface; this contribution must be

treated as a confounding factor when investigating seagrass-medi-

ated stabilization effects (Reidenbach and Timmerman, 2019).

However, most existing studies have employed static cross-

sectional designs — comparing sediment properties between veg-

etated and bare areas at a single point in time (Bos et al., 2007;

Ganthy et al., 2013; Potouroglou et al., 2017). This design has a

fundamental limitation: a single cross-sectional observation cannot

distinguish between “seagrass actively stabilizing sediment” and

“fine-grained substrate attracting seagrass colonization” — two

opposite causal directions (van der Heide et al., 2007). Indeed,

evidence from other systems suggests that seagrasses may prefer-

entially colonize sandy rather than fine-grained substrates (Koch,

2001; Murphy et al., 2011), weakening the plausibility of the

passive-selection hypothesis. Nevertheless, the inability of static

designs to resolve temporal directionality remains a genuine meth-

odological limitation, regardless of which alternative hypothesis is

considered. Advancing this causal inference within an observational

framework requires tracking the temporal dynamics of stabilization

effects as seagrass biomass changes across seasons. If the difference

in sediment properties between vegetated and bare areas follows the

seasonal rhythm of biomass continuously and strictly, the reverse

explanation — that substrate passively selects for seagrass —

becomes untenable, and the direction of seagrass actively driving

sediment change receives support. Yet almost no studies have

systematically tracked the full annual temporal dynamics of this

effect, and the methodological limitations of static cross-sectional

designs mean that causal attribution of sediment stabilization effects

has lacked effective testing at the level of temporal dynamics

(Hansen and Reidenbach, 2013; Ganthy et al., 2013; Potouroglou

et al., 2017).

Temperate seagrass meadows exhibit highly regular seasonal

oscillations in aboveground biomass, with leaf biomass approaching

complete senescence in winter and reaching a summer peak, with

oscillation amplitudes exceeding one order of magnitude (Zhang

et al., 2016). If seagrass genuinely drives sediment stabilization

actively, this biomass rhythm should leave a clear imprint on the

temporal dynamics of sediment properties, with effect intensity

varying continuously with seasonal biomass change (Zhu et al.,

2021; Zhu et al., 2022). Existing studies have provided scattered

evidence at discrete temporal nodes. Hansen and Reidenbach

(2013) conducted four-season continuous monitoring along the

Virginia coast and found that canopy suppression of near-bed shear

stress was strongest in summer and markedly weaker in winter,

indicating that effect intensity varies systematically with seasonal

biomass oscillations — yet their study covered only flow velocity

and suspended particles without tracking the full-year continuous

dynamics of sediment grain size and surface elevation. Ganthy et al.

(2013) conducted year-round high-frequency bed-level monitoring
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in Arcachon Bay, France, and found sustained net accumulation in

vegetated areas during the growing season with a tendency toward

reversal during senescence. Potouroglou et al. (2017) recorded

mean annual elevation differences of 31 mm between vegetated

and bare areas in perennial Z. marina meadows in Scotland, noting

that measurable stabilization effects persisted even during winter

when aboveground biomass was sparse. However, none of these

studies provided systematic evidence of effect intensity oscillating

continuously throughout the full seasonal biomass rhythm— either

because results were aggregated as annual means or because only a

few seasonal snapshots were captured. The relative contributions

and seasonal interaction of canopy effects and rhizome effects also

lack direct testing through full-year tracking data. Whether the

improvement in water-column SPM concentration and transpar-

ency associated with sediment stabilization effects undergoes a

simultaneous seasonal variation — forming an observable sedi-

ment–light coupled seasonal response— similarly awaits validation

from full-year tracking data. Clarifying these dynamics has direct

relevance for assessing the intensity of meadow ecological function

at different points within the annual cycle and for identifying

periods of heightened vulnerability.

Under contrasting hydrodynamic exposure conditions, high-

energy environments may systematically limit the maximum at-

tainable intensity of canopy stabilization effects by constraining the

upper limit of seagrass biomass accumulation (Dahl et al., 2020; de

Smit et al., 2022). In situ flume experiments by de Smit et al. (2022)

demonstrated a linear positive relationship between the critical flow

velocity for Z. marina sediment resuspension and leaf area, such

that biomass limitation at high-energy sites directly compresses the

effect ceiling. A systematic survey of 53 Z. marina meadows along

the Swedish Skagerrak coast by Dahl et al. (2020) further revealed

that the dominant stabilization mechanism shifts from fine-particle

trapping in sheltered environments to substrate compaction and

erosion resistance in exposed environments — a mechanistic

distinction of fundamental nature. Meanwhile, the external erosive

driving force is stronger in high-energy environments, meaning that

geomorphic losses following meadow degradation to bare substrate

may far exceed those in low-energy environments. Research by El-

Hacen et al. (2019) across an exposure gradient in Mauritania

indicated stronger coupling between geomorphic stability and

vegetation cover state at high-exposure sites, where any cover loss

may trigger a state shift beyond a critical threshold (Maxwell et al.,

2017). The superposition of these two aspects implies that seasonal

variation in stabilization effects not only differs in amplitude across

hydrodynamic gradients but may also amplify in ecological conse-

quence with increasing exposure. Yet virtually all existing studies

have been conducted under a single hydrodynamic background,

and while the numerical modelling study of Mohr et al. (2025) and

field observations by Zhu et al. (2021, 2022) pointed out that

seasonal variation in seagrass properties exerts a non-negligible

regulatory effect on hydro-morphodynamic processes, systematic

field research comparing seasonal dynamics of stabilization effects

across hydrodynamic exposure gradients remains absent.

The present study focused on a temperate Zostera marinameadow

in the Yellow Sea, China. Monthly paired field observations were

conducted over 14 consecutive months at three sites distributed along a
Frontiers in Marine Science 03
hydrodynamic exposure gradient (low-energy, intermediate-energy,

and high-energy), simultaneously tracking the temporal dynamics of

seagrass biomass, sediment grain size and surface elevation, water SPM

concentration, and water transparency. Gypsum dissolution rates and

benthic chlorophyll a content served as control covariates for hydro-

dynamic intensity and benthic microalgal effects, respectively. The aims

of this study were to: (1) quantify the continuous variation in the

sediment difference between vegetated and bare areas with the seasonal

rhythm of Z. marina biomass, and provide temporal-dynamics-level

observational evidence— after controlling for physical background and

microalgal effects— for seagrass actively driving sediment stabilization;

(2) evaluate whether seasonal variation in sediment stabilization effects

is simultaneously reflected in improvements to the water optical

environment; and (3) compare differences in the seasonal amplitude

of these effects across sites of contrasting hydrodynamic exposure, and

assess the geomorphic vulnerability of the high-energy site during

winter. The results provide empirical evidence for assessing the

intensity of temperate seagrass meadow ecological function at different

points within the annual cycle, and offer scientific reference for

identifying highly vulnerable meadow types and optimizing the tem-

poral management of nearshore human activities.
2 Materials and methods

2.1 Study area

Fieldwork was conducted in coastal waters near Qingdao City,

Shandong Province, China (35°–36°30′N, 120°–121°E). Qingdao
has a temperate monsoon climate, with a mean annual air temper-

ature of 12.3 °C and sea surface temperatures ranging from −1 °C

(February) to 26 °C (August). The tidal regime is regular semidi-

urnal, with a maximum tidal range of 2.78 m. The western Yellow

Sea is dominated by northwesterly monsoons in winter and

southwesterly monsoons in summer, generating pronounced sea-

sonal differences in hydrodynamic conditions that provided a

natural hydrodynamic gradient background for this study. The Z.

marina population near Qingdao is a typical temperate seasonal

assemblage: rapid growth commences in spring (March), above-

ground biomass peaks in July–August, leaves progressively senesce

in autumn, and only rhizomes overwinter.

Three study sites were selected (Figure 1, Table 1) along a

hydrodynamic exposure gradient. S1 was located on the inner side

of Jiaozhou Bay, a low-energy, tidal-current-dominated environ-

ment with significant wave heights (Hs) typically below 0.3 m and a

silt–fine-sand substrate. S2 was located in Huiquan Bay, an inter-

mediate-energy semi-enclosed environment with Hs of 0.3–0.8 m

and a fine-sand substrate. S3 was located on the northern side of

Laoshan Bay, a high-energy open bay with Hs exceeding 0.8 m

during the northwesterly monsoon season in winter and a medium-

sand substrate. Water depths at all three sites ranged from 0.5 to

4.0 m, and all had documented stable Z. marina populations.

The tidal regime at all three sites is regular semidiurnal, with a

maximum tidal range of 2.78 m. Depth-averaged tidal current

velocities range from 0.1–0.3 m s-1 at S1, 0.2–0.5 m s-1 at S2, and
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0.3–0.7 m s-1 at S3. At the low-energy S1 site, tidal currents are the

primary driver of near-bed hydrodynamic forcing, whereas at the

intermediate-energy S2 and high-energy S3 sites, wind-generated

waves become the dominant driver of sediment resuspension,

particularly during the northwesterly monsoon season in winter.

The wind environment in the study area is strongly seasonal: winter

months (November–February) are dominated by northwesterly

monsoons with mean monthly wind speeds of 5.5–6.8 m s-1,

while summer months (June–August) are characterized by weaker

southwesterly winds with mean monthly wind speeds of 3.1–4.0 m

s-1 (Supplementary Table S1). Wind speed data were obtained from

the Qingdao Meteorological Observatory.

2.2 Experimental design

Sampling commenced in March 2024 (one month prior to

spring growth initiation) and continued for 14 consecutive months

through April of the following year, encompassing a complete

annual cycle with boundary buffer months. Monthly sampling

was conducted on 14 occasions, covering the pre-growth period

(March), rapid growth phase (April–May), peak biomass period

(June–August), senescence phase (September–October), dormancy

period (November–February of the following year), and the onset of

recovery (March–April of the following year). At each site, five fixed

replicate sampling points were established in both the vegetated and
Frontiers in Marine Science 04
bare areas, with paired distances not exceeding 10 m to ensure that

both zones were exposed to similar hydrodynamic and substrate

background conditions. All sampling points were marked with PVC

stakes and recorded with GPS coordinates; the same fixed locations

were revisited each month to track temporal dynamics of sediment

properties at the same points. Bare areas were selected to be

comparable in water depth and substrate type to the vegetated

areas but without seagrass cover.

2.3 Measured variables

Seagrass metrics served as the primary driver variables. Each

month, a 0.25 m2 PVC quadrat frame was placed at each vegetated

sampling point. All shoots within the quadrat were counted to

determine shoot density (shoots m2), and 10 shoots were randomly

selected for leaf length and width measurements; shoot density

and leaf dimensions were combined to calculate leaf area index

(LAI, m2 m-2). Destructive sampling for biomass estimation was

conducted quarterly (March, June, September, December, and April

of the following year) at locations independent of the monitoring

quadrats (n = 3 replicate quadrats per site). Aboveground leaves

were clipped and belowground rhizomes were excavated to 15 cm

depth; samples were rinsed, oven-dried at 65 °C for 48 h, and

weighed to determine aboveground and belowground dry biomass

(g DW m-2), respectively.
FIGURE 1

Location of the three study sites in the Yellow Sea, China. (a) Regional map showing the position of Qingdao on the eastern coast of China.
(b) Enlarged map showing the three sampling sites: S1 (Inner Jiaozhou Bay, low-energy), S2 (Huiquan Bay, intermediate-energy), and S3 (North
Laoshan Bay, high-energy).
TABLE 1 Basic characteristics of the three study sites.

Site Location Hydrodynamic characteristics
Substrate
type

Mean water depth
(m)

Mean tidal range
(m)

S1
Inner Jiaozhou
Bay

Low-energy, tidal-current-dominated, mean Hs <
0.3 m

Silt–fine sand 0.92 1.5

S2 Huiquan Bay
Intermediate-energy, semi-enclosed, mean Hs 0.3–
0.8 m

Fine sand 1.56 2.0

S3
North Laoshan
Bay

High-energy, open, mean Hs > 0.8 m (winter) Medium sand 2.24 2.5
Hs = annual mean significant wave height; mean water depth is relative to mean sea level; mean tidal range is the difference between mean high water and mean low water. Monthly water surface
elevation time series and regional wind conditions during the 14-month sampling period are provided in Supplementary Tables S1 and S2.
frontiersin.org

https://doi.org/10.3389/fmars.2026.1843359
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Chen et al. 10.3389/fmars.2026.1843359
Sediment metrics constituted the primary response variables.

Each month, sediment cores were collected at each of the five fixed

replicate points in both the vegetated and bare areas using a PVC

tube with an inner diameter of 3 cm, sampling the uppermost 0–5

cm of surface sediment. To avoid cumulative disturbance from

repeated coring, each core was taken immediately adjacent to the

PVC stake marker at a position not previously sampled. After

removing biotic debris, grain size distributions were determined

using a laser diffraction particle size analyzer, yielding multiple

grain size parameters including median grain size (D50, μm), the

percentage of fine particles (<63 μm), and the sorting coefficient;

D50 was used as the primary response variable in all statistical

analyses, as it most directly reflects the net balance between fine-

particle deposition and coarse-particle resuspension driven by

canopy hydrodynamic effects. In addition, three 1 m-long stainless

steel rods were installed in both vegetated and bare areas at each site

as surface elevation change pins (SECPs) (Potouroglou et al., 2017).

To minimize potential scour effects around the rods, SECPs were

installed at least three months prior to the first measurement to

allow the surrounding sediment to equilibrate. Each measurement

was taken at a distance of 15 cm from the rod to avoid the localized

scour zone. Rod positions were inspected monthly, and no signif-

icant scour features were observed around vegetated-area rods

during the study period. At bare sites, minor scour depressions (<

5 mm depth) were occasionally observed immediately adjacent to

the rods following storm events but did not extend to the measure-

ment distance. Site-specific sediment bulk density was not mea-

sured; surface elevation changes therefore represent vertical

accretion or erosion rather than mass fluxes, which is acknowledged

as a limitation (see Section 4). The exposed height above the

sediment surface was recorded monthly, and the difference between

successive measurements was used to quantify the monthly net

deposition or net erosion rate, providing direct geomor-

phic evidence.

Water column metrics were used to test whether the seagrass

sediment stabilization effect simultaneously improved the water

optical environment. All water sampling and Secchi depth mea-

surements were conducted during mid-flood to high tide under

calm weather conditions (wind speed < 5 m s-1, no precipitation) to

ensure comparability across months and sites. Sampling at all three

sites was completed within the same tidal cycle on each monthly

survey date. Water temperature was recorded concurrently at each

site using a handheld multiparameter probe. Water temperatures

were similar across the three sites on each sampling date (mean

difference < 0.5 °C), consistent with their location within the same

coastal region and similar depth range, and exhibited a typical

seasonal cycle ranging from 3.2 °C in January to 26.8 °C in August.

At each monthly sampling occasion, Secchi depth was measured

both within the vegetated area and alongside the bare area (recorded

as the mean of the disappearance and reappearance depths). In

addition, 500 mL water samples were collected from both locations,

filtered through pre-weighed GF/F glass-fibre filters, dried at 105 °C,

and reweighed to calculate SPM concentration (mg L-1). Differences

in Secchi depth and SPM concentration between vegetated and bare

areas served as quantitative indices of the improvement in the water

optical environment.
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Hydrodynamic proxy metrics were a critical design element for

controlling the confounding effects of seasonal variation in physical

forcing. Each month, two standardised cylindrical gypsum dissolu-

tion tablets (3 cm diameter × 4 cm height) were deployed in both

the vegetated and bare areas at each site, fixed 10 cm above the

sediment surface, replaced monthly, and weighed to determine the

dissolution rate (g d-1). The gypsum dissolution rate is positively

correlated with near-bottom water motion intensity and served as a

relative proxy for monthly mean hydrodynamic intensity.

Benthic microalgal metrics were measured to exclude con-

founding explanations. Benthic diatoms can stabilize sediment

independently by forming biofilms on the sediment surface, and

their biomass exhibits some degree of seasonality. Each month, the

extreme surface layer (0–5 mm) of sediment was collected, frozen in

liquid nitrogen, extracted in 90% acetone for 24 h, and quantified

spectrophotometrically (at 665 and 750 nm) for benthic chlorophyll

a content. Total extracted chlorophyll a was normalized to the core

cross-sectional area (p × 1.5² ≈ 7.07 cm²) and expressed as areal

concentration (mg m-2).

2.4 Statistical analysis

Prior to the main analysis, Pearson correlation tests between

gypsum dissolution rates and mean monthly wind speed were

conducted to validate the effectiveness of the hydrodynamic

proxy. Benthic chlorophyll a content was included as a covariate

in LMMs to control for the independent contribution of benthic

microalgae to sediment stabilization. The core analysis used linear

mixed-effects models (LMMs) to test whether the seagrass sediment

stabilization effect on D50 varied systematically with season. LMMs

were fitted using the lme4 package (Bates et al., 2015) in R version

4.3.2 (R Core Team, 2023). Prior to model fitting, all continuous

variables were centred and scaled to facilitate comparison of effect

sizes. Model assumptions were verified by inspection of residual

plots: normality of residuals was assessed using Q–Q plots and the

Shapiro–Wilk test, and homoscedasticity was evaluated by plotting

residuals against fitted values. Model fit was assessed using marginal

R² (variance explained by fixed effects) and conditional R² (variance

explained by both fixed and random effects), calculated via the

MuMIn package (Bartoń, 2023). Estimated marginal means were

computed using the emmeans package (Lenth, 2023). Fixed effects

included treatment (vegetated/bare), month, their interaction, and

two covariates: gypsum dissolution rate and benthic chlorophyll a.

Because the fixed-location repeated-measures design generates

temporal autocorrelation between observations at the same sam-

pling point in adjacent months, a random intercept term (1|site:

replicate) was included to account for this non-independence; a site

intercept (1|site) controlled background differences among the

three sites. The critical test was the treatment × month interaction:

a significant positive interaction (greater vegetated–bare differences

in summer than in winter) would support the expectation that

stabilization effects vary with seasonal biomass oscillations.

Prior to parametric testing, all variables were assessed for

normality using the Shapiro–Wilk test, and homogeneity of vari-

ance was evaluated using Levene’s test. Variables that did not meet

the normality assumption were log-transformed before analysis.
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Whether improvement in the water optical environment was

synchronous with the sediment stabilization effect in vegetated

areas was assessed using a two-step analysis: first, paired t-tests

were applied to test whether monthly differences in Secchi depth

between vegetated and bare areas were statistically significant;

second, Pearson correlation analysis was used to examine the

relationship between monthly mean LAI and the transparency

difference (vegetated minus bare). Site × month interaction effects

were used to test the moderating influence of hydrodynamic

exposure gradient on the seasonal amplitude of stabilization effects.
3 Results

3.1 Seasonal dynamics of seagrass biomass

All three sites exhibited pronounced seasonal growth rhythms

in Z. marina (Figure 2). Aboveground biomass peaked in summer

(June–August), reaching 105, 85, and 62 g DWm-2 at S1, S2, and S3,

respectively, before declining rapidly to annual minima in

December (S1: 8 g DW m-2; S2: 6 g DW m-2; S3: 5 g DW m-2),

representing a seasonal oscillation amplitude exceeding tenfold.

Belowground biomass exhibited a much smaller seasonal amplitude

than the aboveground component, peaking in September (S1: 190 g

DW m-2; S2: 155 g DW m-2; S3: 115 g DW m-2), lagging the

aboveground peak by approximately 1–2 months, and declining to
Frontiers in Marine Science 06
winter minima that still maintained 75–80% of peak values. Shoot

density and LAI followed the same seasonal trajectory as above-

ground biomass, both reaching maximum values in July–August

(Figure 2a). A clear gradient in biomass was evident among the

three sites: absolute values of all indices at S1 consistently exceeded

those at S2 and S3, a pattern consistent with the site exposure

conditions described in Table 1 and examined further in Section 3.2.

3.2 Seasonal dynamics of sediment
properties

Gypsum dissolution rates were significantly positively corre-

lated with mean monthly wind speed at all three sites (S1: r = 0.81, p

< 0.001; S2: r = 0.78, p < 0.001; S3: r = 0.85, p < 0.001), validating

their use as proxy indicators of monthly mean hydrodynamic

intensity. Gypsum dissolution rates exhibited pronounced seasonal

variation at all three sites, with winter peaks and summer minima

consistent with the seasonal wind environment (Supplementary

Table S1). Winter peak dissolution rates reached 5.3, 7.9, and 11.3 g

d-1 in bare areas at S1, S2, and S3, respectively, and declined to

summer minima of 2.8, 4.9, and 7.2 g d-1, confirming the hydro-

dynamic exposure gradient among the three sites. Dissolution rates

in vegetated areas were consistently lower than in bare areas at all

sites throughout the year, with annual mean reductions of 18%,

21%, and 25% at S1, S2, and S3, respectively, reflecting the

attenuation of near-bed hydrodynamic energy by the seagrass

canopy. The magnitude of this vegetated–bare difference was
FIGURE 2

Seasonal dynamics of eelgrass meadow structure at three sites in the Yellow Sea. (a) Monthly variation in shoot density (filled circles, right axis) and
leaf area index (LAI; filled squares, left axis). (b) Seasonal variation in aboveground and belowground biomass from quarterly sampling (March, June,
September, December, and April of the following year). S1: Jiaozhou Bay (low-energy); S2: Huiquan Bay (intermediate-energy); S3: Laoshan Bay
(high-energy). Data are mean ± standard error (SE); n = 5 replicate quadrats per site in (a), n = 3 replicate quadrats per site in (b).
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greater in summer when canopy density was highest and smaller in

winter following leaf senescence.

D50 in vegetated areas at all three sites exhibited significant

seasonal oscillations, with finer sediment in summer and coarser

sediment in winter; the seasonal oscillation amplitude in bare areas

was substantially smaller than in vegetated areas (Figure 3). The peak-

to-trough difference in vegetated D50 was 49, 50, and 44 μm at S1, S2,

and S3, respectively, compared with only 13, 17, and 28 μm in bare

areas. D50 in vegetated areas was lower than at the corresponding

bare site in every month throughout the year. The difference between

them (DD50) peaked in summer (July–August) at 55, 47, and 29 μm

at S1, S2, and S3, respectively, and declined to minima in winter

(December–January) at S1: 17 μm, S2: 13 μm, and S3: 11 μm. After

controlling for hydrodynamic energy (gypsum dissolution rate) and

benthic microalgal biomass (chlorophyll a), the treatment effect

remained robust with a coefficient change of approximately 5%,

indicating that the seasonal pattern of DD50 was not substantially

influenced by these covariates (Supplementary Figure S1).
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Net deposition/erosion rates were in strong agreement with the

seasonal pattern of D50 (Figures 4a–c). Vegetated areas at all three

sites showed net deposition in summer (July–September), with peak

rates of +2.3, +1.5, and +0.9 mm month-1 at S1, S2, and S3,

respectively, transitioning to slight net erosion or near-zero condi-

tions in winter. Winter net erosion rates in bare areas increased

along the exposure energy gradient, with trough values of −1.1,

−1.6, and −2.1 mm month-1 at S1, S2, and S3, respectively.

Cumulative elevation trajectories further revealed the geomorphic

effect at the 14-month scale (Figure 4d): vegetated areas showed net

deposition of approximately +11 mm at S1, + 7 mm at S2, and near-

zero at S3; bare areas showed net erosion of approximately −3 mm

at S1, −6 mm at S2, and −9 mm at S3, with elevation loss most

pronounced at the high-energy site.

Key parameter values across sites and seasons are summarized

in Table 2.

3.3 Seasonal dynamics of benthic
microalgae

Benthic chlorophyll a content exhibited significant seasonal

oscillations at all three sites, peaking in summer (August–

September) and reaching minimum values in winter (January–

February) (Figures 5a–c). Peak values in vegetated areas were 112,

91, and 66 mg m-2 at S1, S2, and S3, respectively, declining to

minima of 22, 18, and 13 mg m-2, representing a seasonal oscillation

amplitude of approximately fivefold. The timing of the benthic

chlorophyll a peak lagged the Z. marina aboveground biomass peak

(July–August) by approximately one month, indicating that al-

though the two seasonal rhythms were similar, they were not

perfectly synchronous. Benthic chlorophyll a content in vegetated

areas was slightly higher than in bare areas at all sites (difference

approximately 15–25%), suggesting that the reduction in near-bed

flow ve l o c i t y b y t h e Z . ma r i n a c anopy f a v ou r ed

microalgal colonisation.

LMM results indicated that benthic chlorophyll a had a signif-

icant negative correlation with D50 (standardised coefficient =

−0.18, p < 0.01), but its effect size was only 51% of that of the

treatment main effect (−0.35; Figure 5d). After controlling for the

benthic chlorophyll a covariate, the vegetated-area treatment effect

remained significant with a coefficient change of approximately 5%,

indicating that the seagrass sediment stabilization effect was inde-

pendent of the benthic microalgal contribution and could not be

explained by seasonal variation in benthic microalgae.

3.4 Seasonal dynamics of water
transparency and SPM

Secchi depth in vegetated areas was higher than in bare areas in

every month throughout the year at all three sites. The transparency

difference (DSecchi) peaked in summer (July–August), reaching 1.2,

0.9, and 0.6 m at S1, S2, and S3, respectively, and declined to winter

minima (January–February) of 0.4 m at S1, 0.2 m at S2, and 0.1 m at

S3 (Figures 6a–c). Absolute Secchi depth showed a pronounced site

gradient, with summer peak values in vegetated areas of 3.1 m at S1,

2.3 m at S2, and 1.6 m at S3, reflecting the higher baseline water

clarity at the low-energy site. The seasonal patterns of DSecchi were
FIGURE 3

Seasonal dynamics of sediment median grain size (D50) in eelgrass
meadow and bare sediment areas at three sites in the Yellow Sea.
Left axis: mean ± 1 SE (n = 5) D50 in vegetated areas (green solid
line) and bare areas (brown solid line). Right axis: their difference
DD50 (dark grey dashed line). S1: Jiaozhou Bay (low-energy); S2:
Huiquan Bay (intermediate-energy); S3: Laoshan Bay (high-energy).
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highly synchronous with DD50 (Figure 6) and LAI (Figure 2).

Monthly mean transparency differences were strongly and posi-

tively correlated with LAI (S1: R2 = 0.89; S2: R2 = 0.84; S3: R2 = 0.77;

all p < 0.001), indicating that greater seagrass biomass corresponded

to more substantial improvement in the water optical environment.

These correlations were calculated using monthly DSecchi (vege-
tated minus bare) as the response variable and monthly mean LAI

in the vegetated area as the predictor, with each site analysed

separately (n = 14 months per site).
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SPM concentration showed a seasonal pattern opposite to

transparency, with all three sites exhibiting winter highs and

summer lows (Figures 6d–f). SPM in vegetated areas was lower

than in bare areas throughout the year. The SPM difference (DSPM)

was also greatest in summer, with peak values of 9, 12, and 14 mg L-

1 at S1, S2, and S3, respectively, narrowing to 6, 8, and 10 mg L-1 in

winter. Winter peak SPM in bare areas increased along the exposure

energy gradient, reaching 26, 34, and 45 mg L-1 at S1, S2, and S3,

respectively, with particulate matter resuspension most intense at
FIGURE 4

Seasonal variation in sediment dynamics in vegetated and bare areas at three sites in the Yellow Sea. (a–c) Monthly mean net deposition/erosion
rates (mm month-1) at each site; positive values indicate net deposition, negative values net erosion; error bars are ± 1 SE (n = 5). (d) Cumulative
elevation change curves relative to the study start month (March 2024) as a zero baseline; solid lines are vegetated areas, dashed lines are bare
areas, with colours distinguishing sites.
TABLE 2 Summary of key sediment and water optical parameters at three sites.

Parameter Season S1 S2 S3

DD50 (μm) Summer peak 55 47 29

DD50 (μm) Winter minimum 17 13 11

Peak net deposition rate, Veg (mm month-1) Summer +2.3 +1.5 +0.9

Trough net erosion rate, Bare (mm month-1) Winter −1.1 −1.6 −2.1

Cumulative elevation change, Veg (mm) 14-month +11 +7 ≈0

Cumulative elevation change, Bare (mm) 14-month −3 −6 −9

DSecchi (m) Summer peak 1.2 0.9 0.6

DSecchi (m) Winter minimum 0.4 0.2 0.1

DSPM (mg L-1) Summer peak 9 12 14

DSPM (mg L-1) Winter minimum 6 8 10

SPM in bare area (mg L-1) Winter peak 26 34 45
DD50, bare minus vegetated; DSecchi, vegetated minus bare; DSPM, bare minus vegetated.
frontiersin.org

https://doi.org/10.3389/fmars.2026.1843359
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Chen et al. 10.3389/fmars.2026.1843359
the high-energy S3 site. The seasonal patterns of DSPM and DSecchi
were in agreement (both greater in summer and smaller in winter),

indicating that the improvement in water transparency in vegetated

areas was directly attributable to the suppression of particulate

matter resuspension by the sediment stabilization effect rather than

to differences in algal-derived turbidity.
4 Discussion

4.1 Inferential significance of temporal
dynamics evidence for causal direction

The difference in D50 between vegetated and bare areas (DD50)
oscillated in strict synchrony with the seasonal rhythm of Z. marina

aboveground biomass throughout the 14-month observation

period: the difference widened as biomass increased and narrowed

as biomass declined, with summer peak values of 55, 47, and 29 μm

at the three sites and winter minima of 17, 13, and 11 μm. The
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seasonal peak-to-trough range in vegetated-area D50 (S1: 49 μm)

far exceeded the self-oscillation amplitude of bare-area D50 (S1: 13

μm). This temporal coupling pattern has direct inferential signifi-

cance for causal direction: if fine-grained substrate were passively

attracting seagrass colonisation, substrate state should be relatively

independent of seasonal biomass variation and should not oscillate

systematically with the biomass rhythm. The observed strict syn-

chrony is highly consistent with the direction of seagrass actively

driving sediment change. Van der Heide et al. (2007) noted that

cross-sectional designs are fundamentally incapable of distinguish-

ing the two opposite causal directions between seagrass and

sediment; the 14-month temporal dynamics evidence of the present

study addresses this methodological limitation within an observa-

tional framework, advancing causal attribution from static associ-

ation to testing at the level of temporal dynamics. After controlling

for monthly mean hydrodynamic intensity (gypsum dissolution

rate) and benthic microalgal biomass (chlorophyll a), the treatment

effect coefficient changed by approximately 5%, further excluding

seasonal variation in physical background conditions and benthic

biofilm effects as alternative explanations. Surface elevation change
FIGURE 5

Seasonal dynamics of benthic microalgae and their relationship to sediment stabilization effects at three sites in the Yellow Sea. (a–c) Monthly time
series of benthic chlorophyll a content (mg m-2) in vegetated areas (solid lines) and bare areas (dashed lines); error bars are ± 1 SE (n = 5).
(d) Standardised coefficients (± 95% CI) of fixed effects in the linear mixed-effects model (LMM) for sediment D50. Treatment (vegetated) is the main
treatment effect of the vegetated area, Treatment × Month is the interaction effect between treatment and month, Gypsum dissolution rate and
Benthic Chl-a are covariates.
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pin (SECP) data provided independent validation at the geomor-

phic scale (Potouroglou et al., 2017): net deposition of +11 mm in

the S1 vegetated area and net erosion of −3 mm in the bare area over

14 months, with trajectories in both seasonal rhythm and magni-

tude highly consistent with the DD50 pattern, indicating that the

active seagrass effect on sediment has accumulated into measurable

geomorphic mass-balance differences rather than merely transient

fluctuations in surface grain size. The mechanistic sources produc-

ing this temporal pattern are analysed in detail below. It should be

noted that the alternative hypothesis — that seagrass passively

colonizes pre-existing fine-grained substrates — has limited empir-

ical support in the literature, as seagrasses have been reported to

preferentially colonize sandy substrates in some settings (Koch,

2001; Murphy et al., 2011). While this weakens the need to formally

reject the passive-selection hypothesis, the temporal-dynamics

approach adopted here offers broader methodological value

beyond this specific dichotomy. By demonstrating that DD50
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tracks biomass continuously across 14 months with predictable

seasonal amplitude modulation, our results establish a quantitative

framework for assessing the real-time functional intensity of sedi-

ment stabilization — information that static cross-sectional com-

parisons cannot provide regardless of how causality is framed. This

continuous temporal resolution reveals several insights not available

from prior work: (1) the complementary seasonal roles of canopy

and rhizome pathways can be disentangled through their distinct

temporal signatures; (2) the systematic decrease in stabilization

amplitude along the hydrodynamic gradient quantifies the physical

limits of canopy effectiveness under increasing wave exposure; and

(3) the convergence of minimum protection and maximum hydro-

dynamic forcing during winter identifies a specific temporal vul-

nerability window with direct management implications. These

contributions extend beyond the active-versus-passive debate and

provide a temporally explicit evidence base for evaluating meadow

functional status and prioritizing conservation interventions.
FIGURE 6

Seasonal dynamics of water optical environment and suspended particulate matter in vegetated and bare areas at three sites in the Yellow Sea.
(a–c) Monthly time series of Secchi depth (m); left axis: mean ± 1 SE (n = 5) in vegetated areas (solid lines) and bare areas (dashed lines); right axis:
their difference DSecchi (vegetated minus bare, dark grey dashed line). (d–f) Monthly time series of SPM concentration (mg L-1); right axis: difference
DSPM (bare minus vegetated). Blue, green, and red correspond to S1 (Jiaozhou Bay), S2 (Huiquan Bay), and S3 (Laoshan Bay), respectively.
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4.2 Seasonal drivers of canopy effects and
attribution of winter residual effects

The seasonal peak-to-trough range of vegetated-area D50 (S1:

49 μm) far exceeded the self-oscillation amplitude of bare-area D50

(S1: 13 μm), indicating that the seasonal profile of DD50 was

primarily driven actively by the canopy rather than by changes in

the physical background. This pattern is consistent with the canopy

hydrodynamic attenuation mechanism described in the

Introduction, whereby seasonal changes in leaf area modulate

near-bed shear stress and thus the critical conditions for fine-

particle deposition or resuspension (Zhu et al., 2021). Four-

season continuous monitoring along the Virginia coast by

Hansen and Reidenbach (2013) recorded the same pattern: the

proportion of time that near-bed shear stress exceeded the critical

resuspension threshold was approximately 55% in summer and rose

to above 80% in winter, with effect intensity varying systematically

with seasonal biomass oscillations— entirely consistent in direction

with the present study. High-resolution near-bed velocity profile

measurements by Reidenbach and Thomas (2018) further con-

firmed that bed-surface shear stress within the seagrass zone during

high-biomass periods (0.004–0.034 Pa) was significantly below the

critical resuspension threshold (0.04 Pa), while bare-area values

continuously exceeded it — a mechanism consistent with the

seasonal pattern of the present study.

The gypsum dissolution data from the present study provide

further supporting evidence for this canopy-driven seasonal pat-

tern. Dissolution rates in vegetated areas were 18–25% lower than in

bare areas on annual average, and this difference was most pro-

nounced during summer when canopy density was highest. At the

wave-dominated S2 and S3 sites, wind-generated waves were the

primary driver of sediment resuspension, whereas tidal currents

played a relatively greater role at the sheltered S1 site. Winter

monsoon events generated the highest dissolution rates at all sites,

with S3 bare-area rates reaching 11.3 g d-1, corresponding to the

period of greatest erosion vulnerability identified by the surface

elevation data.

However, when winter aboveground biomass declined to its

annual minimum (S1: 8 g DW m-2), DD50 did not reach zero but

narrowed to 17 μm before maintaining a non-zero residual. This

residual effect must first be evaluated against the potential contri-

bution of benthic microalgae: LMM results showed a standardised

coefficient of −0.18 for benthic chlorophyll a, with an effect size only

51% of the treatment main effect (−0.35), and benthic chlorophyll a

was at its annual minimum in winter (S1: approximately 22 mg m-

2); microalgae thus lacked the capacity to explain this residual in

winter when the canopy had nearly disappeared. Having excluded

microalgae, belowground biomass provides a more compelling

explanatory source: winter belowground biomass still maintained

75–80% of peak values (S1: approximately 143–152 g DW m-2),

with the three-dimensional anchoring structure of the rhizome

network within the substrate remaining intact. The stabilization

effect of rhizomes depends on physical presence rather than

metabolic activity and can therefore operate independently and

continuously after canopy senescence. Conversely, Tassone et al.

(2024) demonstrated that complete vegetation removal leads to
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rapid substrate coarsening, underscoring the critical role of both

above- and belowground seagrass structures in maintaining sedi-

ment conditions. The most direct field evidence was provided by

Potouroglou et al. (2017) from perennial Z. marina meadows in

Scotland: vegetated-area elevation remained stable in winter when

aboveground biomass was sparse, while the bare control showed

evident seasonal erosion, with the explicit conclusion that “canopy

biomass and morphology alone are insufficient to explain sediment

retention, and the belowground effect of rhizomes is equally

important.” Controlled field manipulation experiments by

Christianen et al. (2013) also confirmed that seagrass with severely

grazed canopies (aboveground biomass only approximately 10 g m-

2) still reduced erosion threefold, attributed to the continuous

anchoring effect of belowground biomass. Flume experiments by

Marin-Diaz et al. (2020) further quantified that rhizome networks

can reduce bedload transport by approximately 50%, and Infantes

et al. (2022) measured reductions in lateral sediment erosion rates

of up to 70% attributable to roots. Taken together, the complete

seasonal profile of stabilization effects observed in the present study

is consistent with the mechanistic picture of canopy hydrodynamic

effects continuously modulating effect intensity with the biomass

rhythm, and rhizome mechanical anchoring maintaining a non-

zero baseline through winter. It is worth noting that existing studies

are almost entirely based on single-season sampling; Dahl et al.

(2020) explicitly noted that single-season sampling may lead to

systematic overestimation of annual mean carbon stocks— a logical

bias equally applicable to assessments of sediment stabilization

function. Full-year continuous tracking is a necessary condition

for accurately estimating annualised function (Zhu et al., 2022).

4.3 Synchronous transmission of sediment
stabilization effects to the water optical
environment

Differences in Secchi depth (DSecchi) and SPM concentration

(DSPM) between vegetated and bare areas were positive in every

month throughout the year. Both were highly coupled with the

seasonal rhythm of LAI: correlation coefficients between DSecchi
and LAI reached R² = 0.77–0.89 (p < 0.001), and the seasonal

patterns of DSPM and DSecchi corresponded fully, both showing

greater values in summer and smaller values in winter. SPM is the

dominant factor controlling light attenuation and Secchi depth in

coastal waters (Devlin et al., 2008), so the synchronous seasonal

patterns of the two variables indicate that the improvement in water

transparency in vegetated areas was directly attributable to the

suppression of particulate matter resuspension by the sediment

stabilization effect rather than to differences in algal-derived tur-

bidity. The sediment–light coupled seasonal response was clearly

observable at all three sites under contrasting hydrody-

namic backgrounds.

It is noteworthy that the site-gradient direction of DSPM was

opposite to that of DD50 and DSecchi: the summer peak of DSPM at

S3 (14 mg L-1) exceeded that at S1 (9 mg L-1), while DD50 (29 μm)

and DSecchi (0.6 m) at S3 were both lower than at S1. This does not

indicate stronger stabilization effects at the high-energy site; rather,

it reflects site differences in baseline SPM at bare areas, where winter
frontiersin.org

https://doi.org/10.3389/fmars.2026.1843359
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Chen et al. 10.3389/fmars.2026.1843359
peak SPM at the S3 bare area reached 45 mg L-1, nearly twice that at

S1 (26 mg L-1), mechanically inflating absolute differences. DD50
and DSecchi, as relative indices reflecting the degree of substrate

grain size refinement and improvement in water transparency,

more faithfully represent how effect intensity varies along the

hydrodynamic gradient. The winter narrowing of stabilization

effects (S1 DSecchi declining to 0.4 m), combined with the seasonal

reduction in baseline light availability due to shorter day length and

lower solar elevation angle, may impose a dual light limitation

pressure on the carbon balance of overwintering rhizomes: Wong

et al. (2020) showed that reduced autumn light causes Z. marina to

consume large amounts of rhizome carbohydrate reserves, substan-

tially increasing vulnerability entering winter; Staehr and Borum

(2011) demonstrated that even with seasonal metabolic acclimation

and a lowered winter light compensation point, severe light limi-

tation could not be entirely overcome (Xu et al., 2020). These

inferences, however, await future validation through direct mea-

surement of benthic irradiance.

4.4 Two-tier modulation of stabilization
effect seasonal dynamics by hydrodynamic
exposure gradient

Peak aboveground biomass at the high-energy S3 site (62 g DW

m-2) was only 46% of that at the low-energy S1 site (105 g DWm-2),

and the summer peak DD50 at S3 (29 μm) was only 53% of that at

S1 (55 μm). The seasonal oscillation amplitude of stabilization

effects decreased systematically along the exposure energy gradient.

This reflects the compressive effect of hydrodynamic exposure on

the upper limit of effect intensity: high-energy environments

directly compress the maximum attainable canopy effect magnitude

by constraining biomass accumulation. In situ flume experiments

by de Smit et al. (2022) demonstrated a linear positive relationship

between the critical flow velocity for Z. marina sediment

resuspension and leaf area, such that constrained biomass directly

compresses the effect ceiling. A systematic survey of 53 Z. marina

meadows by Dahl et al. (2020) further revealed that the dominant

stabilization mechanism shifts from fine-particle trapping in shel-

tered environments to substrate compaction and erosion resistance

in exposed environments — a mechanistic distinction of funda-

mental nature. This mechanistic distinction is independently sup-

ported by multiple experimental studies: flume experiments by

Marin-Diaz et al. (2020) explicitly separated the functional division

between canopy (reducing suspended re-deposition) and rhizomes

(reducing bedload transport); Infantes et al. (2022) demonstrated

that roots reduced cliff erosion by 70% in sandy (typical high-

exposure) substrates but showed no significant effect in muddy

(typical sheltered) substrates. Together, these studies established a

mechanistic basis for the difference in stabilization mode between

exposed and sheltered environments, although other factors —

including biogeochemical differences and water temperature gradi-

ents—may also contribute to site-level variation. It should be noted

that the three sites S1, S2, and S3 show systematic covariation

between substrate type (silt–fine sand to medium sand) and wave

energy, as confirmed by the gypsum dissolution rate gradient across

sites (Supplementary Table S1), making it impossible to fully
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separate whether biomass differences are primarily driven by

wave energy or baseline substrate conditions in the present study

design; interpretation of site-gradient effects requires acknowledge-

ment of this confounding.

Simultaneously, the hydrodynamic exposure gradient creates a

second tier of modulation by amplifying geomorphic vulnerability.

The winter net erosion rate in bare areas at S3 was highest (−2.1 mm

month-1), with a cumulative elevation loss of −9 mm over 14

months — three times that at S1 bare areas (−3 mm). The

cumulative elevation in the S3 vegetated area was near zero over

14 months, poised between weak protection and intense erosion,

already approaching geomorphic mass-balance equilibrium. Walter

et al. (2020) documented large-scale irreversible erosion following

collapse of Z. marina at estuary scale in Morro Bay, California —

more than 90% of the former seagrass area eroded, with maximum

elevation losses of 0.50 m and a transition of the entire estuary from

a depositional to an erosional regime — providing the most direct

empirical evidence that cover loss triggers difficult-to-reverse net

erosion. Research by El-Hacen et al. (2019) across an exposure

gradient in Mauritania similarly indicated stronger coupling be-

tween geomorphic stability and vegetation cover state at high-

exposure sites, where any cover loss may trigger a state shift

beyond a critical threshold (Maxwell et al., 2017). The superposition

of both tiers carries an important ecological implication: the active

seagrass effect on sediment is weakest at high-energy sites, the

meadow itself is already near geomorphic equilibrium, and the

erosion cost of its absence is greatest. During winter, both pressures

are most concentrated — minimum seasonal biomass (weakest

driving capacity) coincides with strengthened monsoon winds and

highest external erosion pressure — making winter at high-energy

sites the most vulnerable window for geomorphic stability through-

out the year.

4.5 Conservation management implications
and study limitations

The results of the present study have clear practical implications

for nearshore seagrass conservation management. Winter is the

period when the capacity of seagrass to actively drive sediment

stabilization is most broadly weakest and erosion risk in bare areas

is highest, with high-energy sites particularly prominent. Human

activities that may cause seagrass cover loss — including dredging,

aquaculture expansion, and navigation channel maintenance —

should be prioritised for avoidance of the winter window period.

High-exposure sites, combining the weakest effect with the highest

vulnerability, warrant priority protection at the full annual scale;

should cover loss occur, rapid restoration intervention should be

prioritised to prevent the establishment of net-erosion trajectories.

Several limitations of the present study should be acknowl-

edged. First, in the observational paired design, the reverse causality

of fine-grained substrate favouring seagrass colonisation, while

incompatible with the seasonal dynamics evidence, cannot be

theoretically excluded entirely by this study design; final verification

requires transplantation experiments (Bos et al., 2007; Orth et al.,

2020) or historical remote-sensing reconstruction. Second, canopy-

interior flow velocity and rhizome mechanical metrics were not
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directly measured; quantitative partitioning of the contributions of

canopy and rhizome effects to the full-year stabilization profile

depends on future removal-control experiments (Tassone et al.,

2024; Dahl et al., 2021). Third, hydrodynamic conditions were

characterized using gypsum dissolution rates as a proxy rather than

direct measurements of current velocity, wave height, or bed shear

stress. Although the gypsum proxy was well correlated with wind

speed (r = 0.78–0.85) and effectively captured the hydrodynamic

gradient and seasonal variation among sites, it cannot resolve event-

scale dynamics or distinguish the relative contributions of tidal

currents and waves to bed shear stress. Future studies would benefit

from incorporating direct hydrodynamic measurements or vali-

dated parametric wave models to provide a more complete physical

context for interpreting sediment dynamics. Fourth, site-specific

sediment bulk density was not measured; surface elevation changes

therefore represent vertical accretion or erosion rather than mass

fluxes. Future studies should incorporate direct bulk density mea-

surements to enable quantitative mass-balance calculations. Fifth,

substrate type and hydrodynamic energy are systematically covary-

ing across the three sites; mechanistic attribution of site-gradient

effects requires future verification through controlled substrate

conditions. Sixth, the statistical power of the 14-month time

series is limited; longer time series will further strengthen the

robustness of temporal dynamics evidence. Seventh, the study

area was confined to the temperate Z. marina population along

the Qingdao coast of the Yellow Sea; extrapolation of conclusions to

other climate zones, seagrass species, or tidal regimes should be

made with caution.
5 Conclusions

This study systematically documented the full-year temporal

dynamics of seagrass-mediated sediment stabilization through 14

consecutive months of paired field observations at three sites along

a hydrodynamic exposure gradient in the Yellow Sea. Three

principal conclusions emerge.

First, the difference in sediment grain size between vegetated

and bare areas (DD50) followed the seasonal rhythm of Zostera

marina aboveground biomass continuously and strictly, and this

pattern remained robust after controlling for hydrodynamic inten-

sity and benthic microalgal biomass. This temporal coupling

advances the causal attribution of seagrass sediment stabilization

from static cross-sectional association to temporal-dynamics-level

evidence, effectively addressing the long-standing inability of single-

time-point designs to distinguish active seagrass driving from

passive substrate selection. A non-zero winter residual DD50
coincided with persistent belowground biomass, indicating that

canopy and rhizome effects play complementary seasonal roles —

the canopy modulates effect intensity with the biomass rhythm

while rhizome anchoring maintains a baseline through winter.

Second, water transparency differences between vegetated and bare

areas were strongly coupled with leaf area index across all three sites,

demonstrating that sediment stabilization simultaneously improves the

benthic light environment. This sediment–light coupled seasonal
Frontiers in Marine Science 13
response provides observational evidence for a positive feedback

mechanism that may contribute to meadow self-maintenance.

Third, the seasonal amplitude of stabilization effects decreased

systematically with increasing hydrodynamic exposure, while winter

erosion vulnerability in bare areas was greatest at the high-energy site.

The convergence of weakest protection and highest vulnerability

identifies winter at high-exposure meadows as the most critical

management window. Anthropogenic disturbances that risk cover

loss should be prioritized for avoidance during this period, and high-

exposure meadows warrant year-round priority protection.
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