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PUBLIC SUMMARY

®  Zosterajaponica beds have declined, and suitable habitats may contract under future climate change.

® Remote sensing and habitat modelling identify vulnerable areas and guide restoration planning.

®  Site-specific strategies based on habitat, decline, and genetics improve restoration decisions.

® Linking restoration priorities with blue carbon assessment supports coastal conservation and
management.
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ABSTRACT

Zostera japonica beds have declined substantially along the coast of China, highlighting the need for
targeted and effective restoration planning. This study develops a restoration roadmap that supports
China’s carbon neutrality goals by addressing three key questions: where restoration should occur, when
it should be implemented, and which methods should be used. Field surveys, satellite remote sensing,
genetic data, and species distribution modelling were integrated to identify restoration opportunities
under current and future climate conditions. The results indicate that northern China, particularly the
Bohai Sea region, contains the largest extent of suitable and persistent habitat, whereas several southern
populations have experienced substantial bed degradation. A rule-based restoration decision framework
combined seagrass bed decline and genetic diversity to recommend region-specific restoration strategies
across the species range. The phased framework prioritizes areas suitable under current and 2050s
conditions, particularly those projected to remain suitable by the 2100s, while treating areas becoming
suitable mainly by the 2100s as long-term adaptive reserves. By the 2100s, approximately 103,371 ha of
potential suitable habitat is projected, corresponding to an estimated potential carbon stock of 10.86 Tg
C. These findings provide a spatially explicit framework for improving Z. japonica restoration planning

and evaluating its potential long-term carbon benefits in China.
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INTRODUCTION

Climate change poses substantial socioeconomic challenges for China, which has committed to
advancing global climate change mitigation.! The principal driver of contemporary climate change is the
accumulation of greenhouse gases (GHGs), largely resulting from the combustion of fossil fuels such as
coal and oil.2 Understanding the sources, sinks, and fate of GHGs is therefore essential for developing
effective climate policies and mitigation measures. Quantifying global GHG budgets, particularly the
carbon budget, has consequently become central to climate mitigation and sustainable ecosystem
management.>* Identifying and quantifying under-recognized carbon sinks has therefore emerged as a
major challenge in global change research.

In China’s national climate mitigation strategy, expanding forest area and enhancing terrestrial carbon
sinks have been identified as important measures.’® However, compared with many terrestrial
ecosystems, some coastal blue carbon ecosystems can exhibit high carbon burial rates per unit area and
retain carbon in sediments over long timescales.>!? Although ocean carbon research has traditionally
emphasized pelagic carbon cycling, including plankton-mediated carbon uptake,!' increasing attention
has shifted toward vegetated coastal ecosystems, in which benthic macrophytes such as seagrass play a
disproportionately important role.'>!3 Vegetated coastal ecosystems, including seagrass beds, occupy
less than 0.2% of the global ocean surface but contribute substantially to organic carbon burial in marine
sediments.'*!> Globally, seagrass beds are estimated to sequester 48-112 Tg-C-yr'! and store several to
tens of petagrams of carbon in their biomass and sediments.'*!6 In China, seagrass beds cover
approximately 14,000-20,000 ha and contain an estimated 8.1-12.0 Tg-C, with an annual sequestration
capacity of 0.12-0.18 Tg-C-yrl.171° Together, these estimates highlight the under-recognized
contribution of China’s seagrass beds to coastal blue carbon storage and their potential relevance to
carbon neutrality strategies.

However, seagrass ecosystems are declining rapidly because of climate change and human activities.
Since 1880, at least 5,602 km? of documented seagrass meadow area has been lost globally.?® Many
assessments have focused primarily on documenting changes in bed area, whereas the environmental
drivers of decline and the spatial priorities for restoration remain insufficiently resolved.'>?° As seagrass
ecosystems receive increasing attention within the global conservation agenda, it is essential to determine
where and why these beds are declining and how their degradation can be reversed.

Substantial progress has been made in seagrass conservation and restoration in recent years.?!?
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Nevertheless, restoration remains constrained by fragmented management, site-specific habitat
degradation, limited species-specific guidance, and insufficient integration of ecological suitability with
potential carbon benefits. The United Nations designated 1 March as World Seagrass Day to raise
awareness of the ecological importance of seagrass ecosystems. China has also implemented numerous
initiatives involving seagrass protection, restoration, and seed-based bed expansion.!”1823.24 Despite
these efforts, several fundamental questions remain unresolved, including where seagrass restoration
should be prioritized, which restoration methods are most appropriate, and when restoration should be
implemented.

As anative intertidal species of the northwest Pacific coast, Z. japonica forms meadows that are the most
widely distributed of all seagrass ecosystems in China.??¢ However, this species has experienced
substantial population declines under the combined pressures of chronic human disturbance and
intensifying climatic extremes.?2® These pressures have caused widespread degradation of Z. japonica
beds and raised concern about the long-term persistence of the species in its native habitats.?>-2%-30
Consequently, changes in its distribution and condition can strongly influence the overall status and
carbon storage capacity of China’s seagrass resources. Previous studies have shown that Z. japonica beds
contribute substantially to regional blue carbon stocks and help maintain carbon storage in shallow
coastal ecosystems.'>!® Given its ecological importance and extensive distribution, improving the
conservation and restoration of Z. japonica is important for strengthening coastal ecosystem resilience
and supporting China’s marine carbon management goals.!”-18:31

Here, we developed an illustrative restoration roadmap for Z. japonica in China by addressing three key
questions: where to restore, how to restore, and when to restore. To determine where restoration should
be prioritized, we used satellite remote sensing to quantify recent spatial changes in Z. japonica beds and
combined species distribution modelling with habitat assessments under sea-level-rise scenarios to
identify current and future potentially suitable areas. To determine how restoration should be
implemented, we integrated bed decline, genetic diversity, and restoration practice into a rule-based
decision framework for selecting among seed-based restoration, shoot transplantation, combined
restoration, and protection or natural recovery. To determine when restoration should be prioritized, we
compared current suitable areas with projected suitable areas under climate scenarios for the 2050s and
2100s and developed a phased restoration strategy. Finally, we combined projected suitable areas with

field-based carbon stock estimates to evaluate the potential carbon stock associated with future
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99 restoration opportunities. This framework provides a spatially explicit and method-oriented basis for Z.

100  japonica restoration planning and coastal blue carbon management in China.
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MATERIALS AND METHODS

Study area

The study area was defined by integrating multisource occurrence records of Z. japonica to
provide a basis for spatial analysis. Occurrence records from peer-reviewed field studies were
prioritized, and additional distribution points were obtained from GBIF (https://www.gbif.org)
and OBIS (https://obis.org). All records were processed following standardized procedures for
species distribution data that are widely applied in seagrass and coastal vegetation studies.?
The procedure included removing duplicate coordinates, excluding records with spatial
uncertainty greater than 1 km, evaluating the ecological plausibility of each record using
published habitat descriptions, and verifying its geographic location using high-resolution
satellite imagery. After applying these criteria, 37 reliable occurrence points were retained, 17
of which were located in Chinese coastal waters (Table S1). This workflow is consistent with
established approaches in seagrass mapping and blue carbon research.'3

To delineate the spatial extent of the regional analyses, we combined historical occurrence
records, ecological literature describing the habitat requirements of Z. japonica, and multiyear
satellite imagery spanning 2014 to 2022. Field surveys conducted in 2023 covered the major
seagrass regions of the Bohai Sea, Yellow Sea, and northern South China Sea, representing the
principal latitudinal distribution of Z. japonica within China. The species primarily occupies
shallow littoral waters, generally less than 6 m deep and typically within 10 km of the coastline.
To ensure that peripheral and potentially suitable coastal habitats were not excluded, a 20 km
buffer was established along the Chinese coastline. This approach is consistent with commonly
used practices in coastal habitat modelling and marine vegetation mapping. In addition to
defining the operational extent of the regional analyses, we generated a global habitat suitability
map using all 37 occurrence records to examine the broader spatial pattern of environmentally
suitable areas under current conditions (Figure 1). We further analysed the centroid and
directional shifts of suitable habitat within the northwestern Pacific region under current and
future climate conditions (Figure 2). By contrast, all quantitative analyses conducted for
Chinese coastal waters, including remote sensing extraction, habitat suitability assessment, and
environmental factor analysis, were restricted to the defined 20 km coastal buffer. This

distinction clarifies the relationship between the broad-scale suitability maps and the regional
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analytical extent and avoids misinterpretation of model boundaries.??

All spatial analyses were performed in ArcGIS 10.4. These analyses included constructing the
coastal buffer, extracting environmental variables, and generating spatial predictor layers for
species distribution modelling. Climate-based projections were developed using environmental
layers corresponding to the selected future climate scenarios. The integration of species
occurrence records with environmental and climate variables followed the core methodological
principles of species distribution modelling described in foundational studies.*** To minimize
multicollinearity among predictor variables, we adopted recommended procedures for
ecological modelling.3¢

Construct Z. japonica index (ZJI)

The Z. japonica index (ZJI) was constructed by integrating field observations, historical records,
and multitemporal remote sensing data in ArcGIS and Google Earth Engine. The
methodological framework was adapted from the time-series spectral and phenological index
developed for long-term monitoring of Z. japonica in the Yellow River Delta.'?

First, identification of the potential distribution area. Time-series Landsat imagery, including
Landsat 5 Thematic Mapper, Landsat 7 Enhanced Thematic Mapper Plus, and Landsat 8
Operational Land Imager surface reflectance products, was used to delineate the potential
distribution area. The surface reflectance products were generated through atmospheric
correction using the Landsat Ecosystem Disturbance Adaptive Processing System for Landsat
5 and 7 and the Landsat Surface Reflectance Code for Landsat 8. Poor-quality pixels affected
by clouds, cirrus, cloud shadows, or snow were removed using the corresponding quality-
assurance bands. This preprocessing workflow was consistent with established remote sensing
methods for coastal wetland mapping.'®37

Second, calculation of spectral and phenological indices. For each valid pixel, three spectral
indices were calculated following established definitions. The normalized difference vegetation

index was calculated as:

NIR—R

NDVI = v TR

where NIR and R represent near-infrared and red reflectance, respectively.3®

The modified normalized difference water index was computed as:
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G—-SWIR1

mNDWI = TR

where G is green band reflectance and SWIRI is shortwave infrared reflectance.?”
The tasseled cap brightness index was calculated using sensor-specific Landsat
transformation coefficients:4

TCBI=a, B+a,G+a; R+a, NIR+a SWIR1+a, SWIRZ
where B, G, R, NIR, SWIRI, and SWIR2 represent blue, green, red, near-infrared,
shortwave-infrared 1, and shortwave-infrared 2 reflectance, respectively,and a;—ag are
the corresponding sensor-specific coefficients.
The phenological characteristics of Z. japonica were represented using the maximum
NDVI during the growing period and the mean NDVI during the senescence period.
Based on long-term observations of Z. japonica, the growing period was defined as day
of year 150-250 and the senescence period as day of year 260-330. For each analysis
period, the maximum NDVI composite was generated, and the corresponding mNDWI
and TCBI values were extracted from the date on - which NDVI reached its maximum.
Mean NDVI during the senescence period was also calculated for each pixel.
Third, construction of ZJI. The Z. japonica index was formulated by integrating spectral and
phenological features that distinguish Z. japonica from other intertidal vegetation types such as

Spartina alterniflora, Suaeda salsa and tidal flats. The index was defined as:

NoData (MNDW Iyimax < 0)
7]l = 2NDVIpax—SeNDV I oan

TCBlypmax

(MNDW Iy max > 0) where NDVI,,,, is the maximum

NDVI during the growing period, SeND V1., is the mean NDVI during the senescence period,
and mNDW Iy, and TCBIy ., are the mNDWI and TCBI values corresponding to the date of
maximum NDVI. Pixels with mNDWly .« < 0 were assigned NoData because this condition
was used to exclude higher intertidal vegetation, particularly S. alterniflora, and other non-
target cover types. These pixels were masked in subsequent classification.

Fourth, separability analysis. To evaluate the discriminatory ability of the individual spectral
variables and ZJI, a separability index was calculated. The index incorporates both interclass

differences and intraclass variability and was calculated as:*!

|z —Hol

120 = 196 % (a, + 04)

https://mc03.manuscriptcentral.com/innovation-geo

Page 8 of 100



Page 9 of 100

oNOYTULT D WN =

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

The Innovation Geoscience

where 1, and 1, denote the mean index values of Z. japonica and the other class and o, and o,
denote the corresponding standard deviations.

Fifth, automated extraction using multilevel Otsu segmentation. For each analysis period, the
ZJI image within the potential distribution area was classified using a multilevel Otsu
thresholding algorithm implemented in Google Earth Engine. The algorithm divided the ZJI
histogram into three classes by identifying two thresholds that maximized the between-class
variance. The class with ZJI values greater than the upper threshold was classified as Z.
Jjaponica, whereas the remaining classes were classified as non-Z. japonica. Thresholds were
determined independently for each analysis period to account for temporal and regional
variation in spectral conditions.

Finally, accuracy assessment and validation. Stratified random validation samples were
interpreted using field observations and contemporaneous or near-contemporaneous high-
resolution Gaofen, WorldView, and SPOT imagery. Classification performance was evaluated
using confusion matrices, from which producer’s accuracy, user’s accuracy, overall accuracy,
and the kappa coefficient were calculated. As an additional external comparison, ZJI-derived
maps were overlaid with publicly available seagrass distribution records from the CEARAC
Web-GIS platform. Because CEARAC coverage is incomplete for the Chinese coast and is not
consistently species specific, these records were used only to examine spatial correspondence
in areas with confirmed seagrass occurrence and were not treated as a comprehensive species-
level accuracy dataset.

Species distribution models

To predict the current and future habitat suitability of Z. japonica, we constructed species
distribution models using MaxEnt. Model calibration and optimization were performed with
the ENMeval package,*> following established procedures for presence-only ecological niche
modelling.3**> Two key parameters were tuned: the regularization multiplier and feature class.
The regularization multiplier ranged from 0.5 to 5.0 at intervals of 0.5, resulting in ten candidate
values. MaxEnt supports five feature types, including linear, quadratic, hinge, product, and
threshold features. Eight feature-class combinations were evaluated: L, LQ, H, LQH, LQHP,
LQHPT, HPT, and QPT. These settings generated 80 candidate parameter combinations, which

were evaluated using the small-sample corrected Akaike information criterion implemented in

https://mc03.manuscriptcentral.com/innovation-geo
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ENMeval. Additional metrics, including the omission rate at the 10% training-presence
threshold and the difference between training and test AUC, were used to assess model
complexity and potential overfitting.

After model selection, the optimal configuration consisted of a regularization multiplier of 3.5
and the LQHPT feature class. The maximum number of background points and model iterations
were both set to 10,000. Model performance was evaluated using the area under the receiver
operating characteristic curve, which is widely used for presence-only species distribution
models.’* AUC values range from 0 to 1, with values below 0.7 indicating low discriminatory
ability, values between 0.7 and 0.9 indicating moderate discriminatory ability, and values above
0.9 indicating high discriminatory ability.

The final MaxEnt simulations produced continuous maps of relative habitat suitability for Z.
Jjaponica. The outputs were imported into ArcGIS for post-processing, and the mean suitability
values from ten replicate runs were converted to raster format. Suitability values were classified
into four categories: unsuitable, < 0.20; low suitability, 0.20 to < 0.50; moderate suitability,
0.50 to < 0.75; and high suitability, > 0.75.

The Java-based MaxEnt software was used for all habitat suitability modelling, and 10,000
background points were sampled to represent the available environmental space. Predicted
habitat suitability maps were converted into binary suitable and unsuitable grids using
SDMtoolbox implemented in ArcGIS and the selected threshold-based conversion procedure.*
Habitat dynamics under future scenarios were quantified by comparing current and future
binary maps to identify areas of expansion, stability, contraction, and persistent unsuitability.
Spatial pattern analysis was conducted using the centroid-shift tool in SDMtoolbox to estimate
the geographic centers of suitable habitat and assess the direction and relative magnitude of
projected shifts under future climate conditions. For the centroid analysis, only suitable raster
cells within the northwestern Pacific region were included.

Sea level rise assessment of Z. japonica

Sea level rise data for regions containing Z. japonica populations were obtained from the
Copernicus Marine Service. To evaluate the relationship between sea level change and long-
term variation in seagrass bed area, we applied a generalized additive model, which is widely

used to characterize nonlinear ecological responses to environmental gradients.*+43
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A GAM was implemented to capture nonlinear relationships between sea level change and
seagrass area dynamics:

Area; = By + f(SLR;) + ¢;
where Area; represents the annual change in seagrass area at site i and SLR; denotes the
corresponding sea level anomaly. The smoothing function f was fitted using the mgcv
package in R, which provides robust and flexible spline based estimation for ecological
GAMs.*
The basis dimension k was set to three to avoid overfitting while capturing potential nonlinear
patterns in the relationship between sea level rise and seagrass area change**. Model diagnostics
included residual inspection, concurvity checks and evaluation of effective degrees of freedom
following established GAM best practices.*
This modelling framework enabled the detection of nonlinear responses and potential
thresholds in the sensitivity of Z. japonica to progressive sea level rise, complementing remote
sensing derived seagrass dynamics documented in previous coastal vegetation studies.*’
Projected habitat change based on MaxEnt and sea level rise
To evaluate future habitat changes of Z. japonica under sea level rise, we considered four
representative climate scenarios for 2050 and 2100. Projected sea level increases were set to
0.3 and 0.6 m under RCP2.6, 0.4 and 0.8 m under RCP4.5, 0.5 and 1.0 m under RCP6.0, and
0.7 and 1.5 m under RCP8.5, respectively, with the 1.5 m projection representing an upper-
range scenario consistent with recent assessments of accelerated sea level rise.*®* For each
scenario, we estimated the extent of coastal areas subject to inundation and identified portions
of the current intertidal zone that would shift to depths considered unsuitable for Z. japonica.
To delineate future water-depth conditions, elevation and bathymetric data were obtained from
the General Bathymetric Chart of the Oceans GEBCO 2023 global grid
(https://www.gebco.net), which has been widely used in regional and global assessments of
coastal inundation and habitat exposure.’®' The GEBCO grid was resampled to a 1 m
computational grid for spatial overlay and scenario analysis. Projected sea level increments
were then added to the baseline elevation and bathymetric surface to generate scenario-specific
layers representing future relative water-depth distributions along the Chinese coast. The

effective spatial information of these layers remained constrained by the native resolution of

https://mc03.manuscriptcentral.com/innovation-geo



oNOYTULT D WN =

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

The Innovation Geoscience

the GEBCO dataset.

The depth threshold for unsuitable seagrass habitat was determined by combining the
generalized additive model results with published information on seagrass depth limits. A
relative water depth of 1.5 m was selected as the critical threshold because Z. japonica bed area
declined markedly near this level in the time-series analysis and because comparable shallow
depth constraints have been reported for seagrasses in light-limited coastal environments.>?>4
Under each sea level rise scenario, grid cells with projected relative water depths shallower
than 1.5 m were classified as potentially suitable in terms of depth, whereas cells exceeding
this threshold were classified as unsuitable.

Binary habitat suitability maps derived from MaxEnt were then intersected with the depth-
based suitability masks to quantify projected habitat dynamicsunder each scenario. Areas that
remained suitable were classified as stable habitat, areas that shifted from unsuitable to suitable
were classified as expansion zones, areas that shifted from suitable to unsuitable were classified
as contraction zones, and areas that remained unsuitable were classified as persistently
unsuitable. This combined approach linked climate-based habitat suitability projections with
sea level rise exposure and was used to identify coastal regions where Z. japonica habitat may
be vulnerable to future inundation:

Investigation and Assessment of Carbon Stock

The distribution of Z. japonica along the Chinese coast was divided into 11 principal regions.
A total of 33 stations were established for sediment sampling, and 110 field plots were surveyed
for seagrass biomass and environmental variables (Table S2 & Figure 3). Field surveys and
sediment sampling were conducted in August 2023. A 10 m x 10 m survey area was established
at each field plot, within which vegetation and environmental variables were assessed. During
biomass sampling, all seagrass plants within the designated sampling quadrat were collected,
rinsed carefully to remove sediment from the roots, and placed in labelled sample bags.
Seagrass plants were separated into aboveground tissues, including leaves and leaf sheaths, and
belowground tissues, including rhizomes and roots. Epiphytes were scraped from the leaf
surfaces. Aboveground and belowground biomass samples were placed in separate labelled
bags, and epiphytes were transferred to preweighed centrifuge tubes.

A handheld sediment corer (SD-1, Australia) was used to collect one sediment core to a
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maximum depth of 1 m at each sediment-sampling station. Each core was sectioned and bagged
in the field. Sediment from 0 to 50 cm was divided into five 10 cm intervals, whereas sediment
from 50 to 100 cm was treated as a single interval, resulting in six depth intervals per core.
When the full depth of 1 m could not be reached, the actual sampling depth was recorded. All
plant and sediment samples were stored at —20°C and transported to the laboratory for analysis.
Seagrass biomass samples were freeze-dried to constant mass, and their dry masses were
recorded. The dried samples were ground, passed through a 100-mesh sieve, sealed in sample
bags, and stored in a desiccator until analysis. Sediment samples were oven-dried at 60°C to
constant mass. The dried sediments were homogenized using a ceramic mortar, passed through
a 100-mesh sieve, sealed in sample bags, and stored in a desiccator until analysis. Organic
carbon concentrations in seagrass tissues and epiphytes were measured using the nondispersive
infrared absorption method, whereas sediment organic carbon concentrations were determined
using the potassium dichromate oxidation method.

The total carbon stock of each seagrass bed consisted of plant carbon stock, including
aboveground, belowground, and epiphytic/ carbon, and sediment carbon stock. Plant carbon
stock was calculated as follows:

Vestock = Vea +Vep + Ve
where Vcgock 18 the plant carbon stock, Vi, is the biomass carbon stock in the above-ground
fraction, V¢, is the biomass carbon stock in the below-ground fraction, and V¢, is the carbon

stock in epiphytic organisms, all in megagrams of carbon (Mg C).

n
E : Si

VCaZ wcorgi XMSp,ixs_Xlo_Z
= ’ sp,i

n

S; ,

VCb = wcorgb,i X MSpb,i X S_ x 10
=1 sp,l

n
Si _2
VCe = wcorge,i X Mspe,i X S_ X 10
. sp,i
i=1
where ®corgis Ocorgbi AN Wcoree;i are the mass fractions of plant above-ground fraction, plant
below-ground fraction and epiphytic organisms' organic carbon in % for the ith seagrass

partition sample, respectively. Mg, i, Mgpbi and Mg,.; are the dry mass of above-ground plant

parts, below-ground plant parts and epiphytic organisms in the ith seagrass compartment
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sample, in g, respectively. S, ;: area of plant sample in the ith seagrass partition, in m?; S;: area
of the ith seagrass partition, in ha.

n
Scstock = z Ccol,i X §; x 100

=1
i
Ceoli = Z Wegom; X Pj X Hj
j=1
where Scgock 1 the sediment carbon stock in Mg C and C,,; is the organic carbon content of
column samples at 100 cm or the actual depth of investigation in g/cm?. S; is the area of the ith
seagrass partition in ha; C,m is the mass fraction of organic carbon in the jth layer of sediment
in %. H; is the thickness of the sediment in layer j in cm, the thickness of layers 1 to 5 are all
10 cm, and the thickness of layer 6 is the actual thickness of samples of 50 cm or more.
Cstock = Vestock T Scstock
where Cg,q 18 the total carbon stock in the seagrass bed ecosystem, Vcgock 1S the plant carbon
stock, and Scgck 1S the sediment carbon stock, all in Mg C.
Environment variables
To evaluate the relationships between environmental factors and the dynamics of Z. japonica,
we examined variation in bed area, carbon stock, and habitat distribution across the study
regions (Table S2). To analyse the influence of environmental variables on bed area, the
maximum monthly bed area recorded at each site was used. A response ratio approach was
applied to quantify the associations between environmental factors and bed area, following
established methods used in ecological impact assessments.>® Ten water quality variables were
measured, including pH, water temperature, salinity, dissolved oxygen, total nitrogen, total
phosphorus, total carbon, total organic carbon, dissolved inorganic carbon, and dissolved
organic carbon. Additionally, mean annual temperature was obtained as a climatic variable.
To assess the relationships between environmental conditions and spatial habitat suitability,
surface environmental layers were obtained from Bio-ORACLE, a widely used marine
environmental database for species distribution modelling.’%>7 Environmental data representing
the period from 2000 to 2014 were used to characterize current conditions. Future
environmental layers were obtained for the 2050s and 2100s under the RCP2.6, RCP4.5,

RCP6.0, and RCP8.5 scenarios. All layers were downloaded at a spatial resolution of 5 arc min,
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converted to ASCII format, and processed in ArcGIS 10.4 for input into MaxEnt version 3.4.1.
Percentage contribution and permutation importance were used to evaluate the relative
importance of environmental variables in the MaxEnt model.

To minimize multicollinearity, pairwise Pearson correlation coefficients were calculated
among the candidate environmental variables using ENMTools version 1.3. Variables with |r|
> 0.8 were considered strongly collinear and were screened following established
recommendations for species distribution modelling.*® When two variables were strongly
correlated, the variable with greater ecological relevance and model contribution was retained.
Variance inflation factors were also calculated to further evaluate multicollinearity, and
variables with VIF values below 10 were retained for model calibration.”® After variable
screening, nine environmental predictors were retained for the final MaxEnt model.

To evaluate the relationships between environmental variables and carbon stocks, we analysed
sediment total nitrogen, total phosphorus, organic matter, pH, and sulfide concentrations,
together with the corresponding seawater and oceanographic variables included in the structural
equation models. Sediment total nitrogen was quantified using a combustion method with an
elemental analyser, whereas total phosphorus was measured using the Olsen extraction method.
Sediment organic matter was determined using the Walkley—Black dichromate oxidation
procedure, and pH was measured using a calibrated digital pH meter. These analytical
procedures followed established methods used in coastal blue carbon and sediment
biogeochemical assessments.>%¢0

Literature Search and Screening

Our analysis involved a systematic literature search and screening process to identify seagrass
restoration methods in relation to genetic diversity and the extent of bed area reduction. The
search was conducted following the PRISMA framework. We searched the Web of Science
Core Collection and China National Knowledge Infrastructure databases using predefined

EE T3

keyword combinations. The search terms included “seagrass restoration”, “eelgrass restoration”,
9% ¢ 9% <¢ 9 <c

“Zostera japonica”, “genetic diversity”, “heterozygosity”, “allelic richness”, “seagrass decline”,

“area reduction”, “habitat loss”, “seed broadcasting”, ‘“seed-based restoration”, “shoot
99 e

transplanting”, “transplantation”, and “restoration method”. A total of 79 potentially relevant

records were initially identified.
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The screening process consisted of four steps. First, potentially relevant records were identified
through database searches using the predefined search terms. Second, duplicate records and
clearly irrelevant studies were removed. Third, titles and abstracts were screened to retain
studies related to seagrass restoration, genetic diversity, bed area reduction, habitat loss, or
restoration methods. Fourth, the full texts of potentially eligible studies were assessed, and
relevant data were extracted from studies that met the inclusion criteria. After title and abstract
screening, 50 articles were retained for full-text assessment.

Studies were included if they met one or more of the following criteria: they reported genetic
diversity indicators, such as the number of alleles, heterozygosity, or allelic richness, and/or
quantified the extent of seagrass bed area reduction; they specified the restoration method used,
including seed broadcasting, other seed-based approaches, shoot transplantation, or combined
methods; they described previous habitat conditions and human or natural disturbances
affecting the seagrass bed; and they provided sufficient geographic information for contextual
interpretation. The Sustainable Wetlands Adaptation and Mitigation Program database was
additionally consulted to inform the organization of coastal blue carbon assessment variables.
It was not used as a bibliographic database or as a source of records in the literature-screening
process.

Rule-based restoration decision framework

A rule-based decision framework was developed using studies that met all inclusion criteria
during the literature-screening process. The framework was designed to support the selection
of seagrass restoration strategies based on two ecological indicators: genetic diversity and the
extent of bed area reduction. Rule-based decision frameworks have increasingly been used in
restoration planning because they allow categorical ecological information to be linked
transparently with management options.'¢!

The extent of bed degradation was determined by comparing the mapped bed area during the
baseline period of 2014-2015 with that during the most recent assessment period of 2022-2023.
Populations that had lost 50% or more of their baseline bed area were classified as having high
bed degradation, whereas those with an area reduction of less than 50% were classified as
having limited bed degradation. The 50% cutoff was used as an operational threshold to

distinguish populations that had lost at least half of their mapped bed extent from those retaining
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a larger proportion of the baseline bed.

Genetic diversity status was evaluated using multiple population-genetic metrics rather than
nucleotide diversity alone.%> The proportion of polymorphic loci (Pi), expected heterozygosity
(He), and nucleotide diversity () were used as the principal diversity indicators. Observed
heterozygosity (Ho) was used as supplementary information on realized heterozygosity,
whereas FIS was considered separately to assess heterozygote deficiency or excess and was not
treated as a direct measure of genetic diversity.3-64

Because all populations belonged to the same species and were analyzed using the same
genomic dataset and filtering criteria, each principal genetic metric was standardized relative
to the maximum value observed among the 11 populations. A relative genetic diversity index

was then calculated as:

Pi He,i Tti

1

Gi = 3 ( Pmax + He,max + Ttmax

where Pi, He,i, and mi represent the proportion of polymorphic loci, expected heterozygosity,
and nucleotide diversity of population i, respectively, and the denominators represent the
corresponding maximum values observed across all populations. Populations with Gi > 0.75
were classified as having relatively high genetic diversity, whereas populations with Gi < 0.75
were classified as having relatively low genetic diversity. This operational boundary reflected
the clear separation between the southern high-diversity populations and the northern lower-
diversity populations in the present dataset and was not regarded as a universal genetic
threshold.

Restoration methods were subsequently assigned using the combination of structural decline
and genetic diversity status. Sites with low-to-moderate area reduction and high genetic
diversity were assigned to natural recovery combined with habitat protection. Sites with high
area reduction but high genetic diversity were assigned to shoot-transplantation-based
restoration, because the principal requirement was rapid reconstruction of meadow structure
while retaining locally adapted genetic resources. Sites with low-to-moderate area reduction
and low genetic diversity were assigned to seed-based restoration, with seeds collected from
multiple parent plants and, where appropriate, multiple environmentally compatible donor

patches to increase sexual recruitment and genetic variation. Sites with both high area reduction
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and low genetic diversity were assigned to combined seed-and-shoot restoration, in which
transplanted shoots were used to rapidly establish meadow structure and multi-parent seed
supplementation was used to broaden the genetic base and reduce bottleneck risks.

These recommendations were treated as preliminary restoration options rather than fixed
prescriptions. Final method selection also considered donor availability, habitat suitability,
hydrodynamic and sediment conditions, causes of bed degradation, risks of genetic transfer,
potential impacts on donor beds, and the feasibility of long-term monitoring and maintenance.
Genetic diversity data of Z. japonica

Whole-genome resequencing was conducted to characterize the genetic diversity of Z. japonica
across 11 geographic populations along the Chinese coast. Leaf tissues were collected from
representative individuals, and genomic DNA was extracted using standard plant DNA extraction
protocols. Paired-end sequencing libraries were constructed and sequenced on the Illumina
NovaSeq platform to generate genome-wide resequencing data, following approaches commonly
used in recent seagrass population genomic studies.®

Raw sequencing reads were quality-filtered using fastp and aligned to the Z. japonica reference
genome using the Burrows—Wheeler Aligner. Sequence alignments were processed, and high-
confidence single-nucleotide polymorphisms were identified following the Genome Analysis
Toolkit best-practice workflow. Variant sites were subsequently filtered according to sequencing
depth, missing-data rate, minor allele frequency, and allelic state. All resequencing data have been
deposited in the National Center for Biotechnology Information Sequence Read Archive under
BioProject accession PRINA1344808.

Genetic diversity indices, including observed heterozygosity, expected heterozygosity, allelic
richness, and nucleotide diversity (w), were calculated using VCFtools and appropriate R packages
for population-genetic analysis. These indices are widely used to characterize genetic variation in
marine angiosperm populations,®6-67

RESULTS

Where to restore: mapping the potential restoration opportunity

Predicted distribution and habitat suitability provide spatially explicit indications of where
environmental conditions may support restoration under specified climate conditions, rather

than direct estimates of restoration success. Using MaxEnt, we predicted the global distribution
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of environmentally suitable areas for Z. japonica under current conditions and found that the
largest and most continuous suitable areas were concentrated in the northwestern Pacific Ocean
(Figure 1). Centroid analysis of the suitable area within the northwestern Pacific region further
showed that its geographic center was located in Chinese coastal waters (Figure 2). This spatial
pattern suggests that China represents an important regional focus for the conservation and

restoration planning of Z. japonica.
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Figure 1. Predicted habitat suitability for Z. japonica under current environmental conditions (A)
Global distribution of predicted habitat suitability. (B—G) Enlarged views of the major suitable regions
in northeastern North America, the eastern coast of North America, the Gulf of Mexico, northern Europe,
the Black Sea region, and East Asia, respectively. Colors from blue to red indicate increasing predicted

habitat suitability from low to high.
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Figure 2. Projected shifts in the centroid of suitable habitat for Z. japonica under future climate
scenarios within the northwestern Pacific region (A) Projected centroid shifts under RCP2.6, RCP4.5,
RCP6.0, and RCPS.5 in the 2050s. (B) Projected centroid shifts under the same climate scenarios in the
2100s. Arrows indicate the direction and relative magnitude of projected changes in the geographic

centroid of suitable habitat.
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Figure 3. Spatial distribution and temporal changes of Z. japonica beds along the coast of China,
excluding Taiwan Island (A) Locations of the 11 surveyed populations: QD, Huiquan Bay, Qingdao;
TE, Swan Lake, Rongcheng; DY, Yellow River Delta, Dongying; HL, Xingcheng, Huludao; DC,
Dachangshan Island, Dalian; MD, Miaodao Island, Yantai; TZ, Taozi Bay, Yantai; LZ, Lai Chi Wo,
Hong Kong; XC, Xiachuan Island, Taishan; FC, Pearl Bay, Fangchenggang; and HP, Hepu, Beihai. The
blue line indicates the coastline. (B) Spatial distribution and temporal changes in bed area and the Z.
Japonica index from 2014 to 2022 at the 11 study sites, green areas on the maps indicate pixels classified
as Z. japonica beds based on the ZJI. In the temporal profiles, yellow and green lines indicate bed area
and ZJI, respectively. (C) Response ratios of Z. japonica bed area to environmental variables across the
study sites in 2023. (D) Generalized additive model showing the nonlinear relationship between sea

level rise and Z. japonica bed area.
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The 11 surveyed populations spanned the major distribution regions of Z. japonica along the
Chinese coast, from the Bohai and Yellow seas to the northern South China Sea (Figure 3A).
Remote sensing analyses revealed an overall decline in the mapped area of Z. japonica beds
along the Chinese coast from 2014 to 2022, although the magnitude and temporal pattern of
change varied among sites (Figure 3B). Greater losses were generally observed at sites in the
South China Sea than at several northern sites. Response ratio analysis indicated that
temperature and sea level rise were among the environmental variables most strongly associated
with spatial variation in bed area (Figure 3C). The generalized additive model further identified
a nonlinear relationship between sea level rise and bed area, with a marked decline occurring
beyond approximately 0.9 m and bed area approaching low levels at approximately 1.5 m
(Figure 3D).

MaxEnt projections of current habitat suitability within Chinese coastal waters identified three
principal suitable regions: the coastal zone of the Liaodong Peninsula, the northwestern Bohai
Sea, and selected coastal areas of the Shandong Peninsula, particularly its eastern and
northeastern coasts and the Qingdao coastal region (Figure S1). These predicted suitable areas
were generally consistent with the surveyed distribution of Z. japonica shown in Figure 3.
Among the nine retained environmental predictors, mean sea surface temperature had the
highest percentage contribution to the MaxEnt model, indicating its dominant contribution to
model calibration. Mean surface’ current velocity had the highest permutation importance,
indicating that model predictions were particularly sensitive to this variable. Minimum and
mean sea surface salinity also contributed to model performance. Together, these results
indicate that temperature, salinity, and current velocity were the principal environmental
variables associated with the current predicted distribution of Z. japonica in Chinese coastal
waters (Table S3).

When to restore: progressive restoration

Projected habitat changes under future sea level rise and climate scenarios provide a basis for
prioritizing the timing of Z. japonica restoration. Our projections indicate progressive declines
in both habitat suitability and the extent of suitable habitat under all future climate scenarios,
with clear spatial differences among regions (Figure 4).

By the 2050s, both occurrence probability and suitable habitat extent are projected to decline
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markedly in the northwestern Bohai Sea and the western coastal waters of the Liaodong
Peninsula under the RCP4.5 and RCP8.5 scenarios, with some areas approaching local
disappearance by the 2100s. In the coastal waters of the Shandong Peninsula and the eastern
Liaodong Peninsula, suitable habitat is also projected to decline progressively from the 2050s
to the 2100s under the same scenarios. Quantitatively, the suitable habitat of Z. japonica is
projected to decrease by 56.76% under RCP4.5 and 57.35% under RCP8.5 by the 2050s. By
the 2100s, the projected decline is 56.26% under RCP4.5 and 61.80% under RCP8.5 (Figure
S2 & Table S4). In contrast, the potential for range expansion is very limited, with newly
suitable habitat accounting for less than 2% under both scenarios in the 2050s and 2100s.
These projections support a progressive restoration strategy based on habitat persistence
through time. Restoration should be prioritized in areas-that are suitable under current
conditions and remain suitable in the 2050s, particularly those also projected to remain suitable
in the 2100s, because these areas represent relatively stable core restoration zones with greater
potential for long-term persistence and sustained carbon storage. Areas projected to become
suitable mainly by the 2100s should instead be regarded as long-term adaptive restoration
reserves and incorporated into future monitoring and planning, rather than being treated as
immediate restoration targets.

Under this framework, the total area projected to remain or become suitable for Z. japonica by
the 2100s reaches 103,371 ha, ‘depending on climate scenario and restoration planning
assumptions (Figure 5). This projected area should be interpreted as a potential restoration

opportunity space rather than as a direct estimate of realized restoration area.
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Figure 4. Spatial changes in suitable habitat for Z. japonica under future climate scenarios (A)
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Spatial changes in suitable habitat under RCP2.6, RCP4.5, RCP6.0, and RCPS.5 in the 2050s. (B) Spatial

changes in suitable habitat under the same climate scenarios in the 2100s.
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Figure 5. Potential suitable and unsuitable areas for Z. japonica restoration in the 2100s under the
progressive restoration framework (A) Projected suitable and unsuitable areas under RCP2.6. (B)
Projected suitable and unsuitable areas under RCP4.5. (C) Projected suitable and unsuitable areas under
RCP6.0. (D) Projected suitable and unsuitable areas under RCP8.5.

With what methods to restore: selecting restoration approaches according to local
conditions

Integrating genetic diversity, remote sensing observations, exposure to sea-level change, and
MaxEnt projections revealed marked spatial variation in the status of Z. japonica beds along
the Chinese coast. Populations in the Bohai Sea and Yellow Sea generally experienced lower
levels of bed degradation and were associated with the largest continuous areas projected to
remain suitable under current and future environmental conditions. In contrast, populations in
the South China Sea showed greater bed degradation and were associated with relatively limited
areas of persistent future suitability.

Genetic diversity and projected environmental suitability did not show the same spatial pattern.
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Southern populations generally exhibited higher allelic richness and heterozygosity than
northern populations, whereas the largest areas of projected future habitat suitability occurred
in northern China. This spatial mismatch indicates that restoration planning should consider
both the conservation value of genetically diverse populations and the long-term environmental
suitability of candidate restoration sites.

Two principal active restoration approaches are used for Z. japonica along the Chinese coast:
seed-based restoration and shoot transplantation, which may be applied separately or in
combination with conservation-oriented management. We developed a rule-based regional
recommendation framework primarily based on bed degradation and genetic diversity. For
highly degraded populations with high genetic diversity, the framework prioritizes the use of
local seeds and small-scale in situ transplantation while avoiding their use as major donor
sources. For highly degraded populations with low genetic diversity, transplantation using
material from genetically diverse donor populations is recommended, with supplementary use
of local seeds where appropriate. For populations with relatively limited bed decline but low
genetic diversity, local seed use, restricted donor supplementation, small-scale transplantation,
and conservation-oriented management are recommended in combination. The resulting
regional recommendations are summarized in Table S5. Final restoration decisions should
additionally account for donor-material availability, local bed extent, potential impacts on
donor beds, environmental compatibility, and the ecological and genetic risks associated with
transferring material among differentiated populations.

Regional variation and environmental drivers of Z. japonica carbon stocks

Carbon stocks in Z. japonica beds varied considerably among the surveyed regions in China
(Table S6). The highest total carbon stock values were recorded at DC, MD, TZ, and HL in the
Bohai Sea region, whereas comparatively low values were recorded at HP in the South China
Sea and QD in the Yellow Sea.

To examine the direct and indirect associations between environmental variables and different
carbon pools, we fitted separate structural equation models for aboveground, belowground, and
sediment carbon stocks using site-level mean values of the standardized variables. The three
models showed acceptable overall fit, with comparative fit index and goodness-of-fit index

values above 0.90 and standardized root mean square residual values below 0.07 (Figure 6).
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For aboveground carbon stock, sea surface temperature was negatively associated with
seawater dissolved oxygen and sediment pH, with standardized path coefficients of —0.74 and
—0.47, respectively. In turn, dissolved oxygen and sediment pH showed positive direct
associations with aboveground carbon stock, with standardized path coefficients of 0.46 and
0.70, respectively. These pathways indicate that the association between sea surface
temperature and aboveground carbon stock was primarily indirect.

For belowground carbon stock, sediment-related variables showed comparatively stronger
direct associations. Sediment pH had a positive path coefficient of 0.69, whereas sediment
sulfides and sediment nitrogen showed positive but nonsignificant path coefficients of 0.25 and
0.23, respectively. For sediment carbon stock, sediment pH showed the strongest positive direct
association, with a standardized path coefficient of 0.73.-Sea surface temperature was
negatively associated with sediment pH, indicating a potential indirect pathway linking
temperature to sediment carbon stock.

Together, the models indicate that the three carbon pools were associated with partly distinct
environmental pathways. Aboveground carbon stock was more closely related to seawater
physicochemical conditions, whereas belowground carbon stock was more strongly associated
with sediment properties. The sediment carbon stock model contained several nonsignificant
pathways, suggesting that additional unmeasured factors may contribute to spatial variation in
sediment carbon . accumulation. These results highlight the compartment-specific

environmental associations of carbon storage in Z. japonica beds.

https://mc03.manuscriptcentral.com/innovation-geo

Page 26 of 100



Page 27 of 100

oNOYTULT D WN =

QuuuuuuuuuubdbbdDDdDDDMDMDMNDAEDMNDWWWWWWWWWWRNNNNNNNNNN= =2 2 29 29923399
VWO NOOCULLhAWN-_rOCLVONOOCTULDWN—_rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODUOVUONOUVPSD WN =0

632
633

634

635

636

637

638

639

The Innovation Geoscience

4 1
! -0.47% - 57
2= | Sediment pH !
R#=0.52 p - |
Sea Surface -0.52* :
Temperature !
0.63 5 h
> ‘ == :
B4 organic matter \ A4

) 0.39

Sea Surface Salinity S Above

-0.74% 0.46%% ¢4 carbon stock
Seawater
dissolved oxygen .
Current Velocity o '9-2’8’ 3
Seawater ri
phosphorus 0.60%

X2/df=0.32, p=0.98, CFI=1.00, GFI=0.98, SRMR=0.05

. 1

' -0.23

RZ:OAS 1 el :

. 0.69* '

Sea Surface -0.52% !

Temperature I

'0.63 i :

- ‘L n 1 7** ;

Pe% 4 crganic matter \4
0.39

-0.78* 0.25 .-~ ¥ carbon stock
Sediment e ,’, A
sulfides .

025,

\
’
P

| \"‘-ﬂ_‘A Sediment
; 0.30 nitrogen 0.59

™ 4d organic matter TR
-0.78* 021 .-~ «’Z carbon stock
Sediment PR A
sulfides A

0.18/1
-0.37

X2/df=0.50, p=0.95, CFI=1.00, GFI=0.98, SRMR=0.06
* P<0.1 * P<0.05
- - - No-significant (P > 0.05) ——> Positive effect ——> Negative effect

Figure 6. Structural equation models showing the environmental factors associated with carbon
stocks in Z. japonica beds (A) Aboveground carbon stock, (B) belowground carbon stock, and (C)
sediment carbon stock. Numbers adjacent to arrows indicate standardized path coefficients. Pink and
blue arrows indicate positive and negative associations, respectively. Solid arrows indicate statistically
significant paths, whereas dashed arrows indicate nonsignificant paths. Asterisks indicate the statistical
significance of individual paths. R?indicates the proportion of variance in each carbon stock component

explained by the model. Model fit indices are shown below each panel.
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Technology roadmap for strategic restoration and carbon stock assessment of Zostera japonica meadows.
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Figure 7. Technology roadmap for the strategic restoration of Z. japonica beds based on spatial
modelling and carbon stock assessment The workflow integrates field data collection, remote sensing
mapping, MaxEnt habitat suitability modelling, carbon stock assessment, and strategic restoration
planning. Google Earth Engine, ArcGIS, Java based MaxEnt, and R were used for image processing,
spatial mapping, habitat suitability prediction, and statistical analyses, respectively. Field derived carbon

stock data were further used to support restoration planning and estimate the potential long term carbon

benefits of future bed restoration.
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DISCUSSION

The restoration of Z. japonica beds has the potential to enhance coastal carbon storage and
contribute to China’s carbon neutrality goals. By integrating habitat suitability modelling,
remote sensing, field surveys, genetic information, and carbon stock assessments, this study
provides a spatially explicit framework for determining where, when, and how restoration could
be implemented along the Chinese coast.

We combined MaxEnt habitat suitability modelling with multitemporal remote sensing to
identify potential priority areas for Z. japonica restoration. Under current and future climate
scenarios, the Bohai Sea and Yellow Sea contained extensive areas of predicted suitable habitat,
largely associated with favourable temperature, salinity, and hydrodynamic conditions. MaxEnt
is widely used for species distribution modelling with presence=only data, and has been applied
in marine species distribution and coastal habitat assessments,**¥ including the identification
of conservation and restoration priorities for seagrass ecosystems.?* Nevertheless, predicted
suitability represents the environmental potential for species occurrence rather than direct
evidence of restoration success. Local substrate conditions, water quality, hydrodynamics,
disturbance history, and propagule availability should therefore be evaluated before restoration
is implemented.

Our temporal framework prioritizes areas predicted to remain suitable under current conditions
and through the 2050s and 2100s as relatively stable core zones for restoration. Areas that are
currently suitable but projected to become unsuitable should receive immediate conservation
attention and may be appropriate only for short- to medium-term restoration where future risks
can be managed. In contrast, areas projected to become suitable mainly by the 2100s should be
regarded as potential adaptive reserves rather than immediate planting targets. This phased
approach links present restoration opportunities with long-term environmental change and is
consistent with restoration principles emphasizing appropriate timing, site selection, restoration
scale, and adaptive management.'3:19-22.63

Drawing on the literature synthesis and population genomic data, we developed a rule-based
framework for selecting restoration methods according to bed degradation and genetic
diversity'>. Southern populations exhibited higher genetic diversity than northern populations,

whereas northern China contained a larger extent of habitat projected to remain suitable under
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future conditions. This spatial mismatch highlights the importance of considering both
environmental suitability and evolutionary information in restoration planning. Southern
populations represent important genetic resources and may provide candidate donor material
for future assisted gene flow, but only after careful assessment of local adaptation, donor-bed
impacts, genetic compatibility, and ecological risk. Northern regions, by contrast, provide
extensive potential restoration space but may require greater attention to the conservation of
locally adapted genetic resources. More generally, spatial differences between genetic diversity,
population connectivity, and projected environmental suitability may arise from historical
demographic processes, ocean-current-mediated dispersal, and climate-driven shifts in suitable
habitat.%-68-70

This mismatch further highlights the importance of integrating evolutionary information with
environmental projections. High-diversity southern populations represent valuable genetic
resources that should be prioritized for conservation, because genetic variation can influence
ecosystem resistance, recovery capacity, and long-term population persistence.®>77° These
populations may also inform future assisted gene flow, but the transfer of restoration material
should proceed only after careful evaluation of local adaptation, donor availability, genetic
compatibility, donor-population impacts, and ecological risk.”"? In contrast, northern regions
provide extensive predicted suitable habitat for restoration. The framework distinguishes
among seed-based restoration, shoot transplantation, combined approaches, and protection or
natural recovery. Seed-based restoration may be appropriate where bed structure remains partly
intact and suitable seed sources are available, provided that seeds are collected from
environmentally compatible donor populations and impacts on donor beds are minimized®*72.
Shoot transplantation may accelerate structural recovery in severely degraded beds when
suitable donor material is available and disturbance pressures have been reduced.'>6373 A
combined approach may be appropriate where both genetic diversity and bed area have declined
substantially, although the relative contribution of seeds and transplanted shoots should be
adjusted according to site conditions and donor-material availability.®>7®> Where genetic
diversity remains high and area reduction is limited, protection, natural recovery, and continued

monitoring should generally be prioritized.!>16:64
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These recommendations should be treated as initial management options rather than fixed
prescriptions because restoration outcomes also depend on sediment conditions,
hydrodynamics, water quality, donor availability, restoration scale, and the causes of
degradation. This approach aligns with restoration frameworks developed for seagrass and
other coastal ecosystems, which emphasize context-dependent restoration based on
environmental and biological conditions.!>%373 Previous studies have shown that restoration
outcomes can be improved when methods are tailored to site conditions, including local
environmental quality, historical population trends, restoration scale, and genetic
variation.?!626372 Integrating these factors allows restoration planning to identify appropriate
interventions and overcome limitations associated with reliance on a single method. Future
work will benefit from combining genomic data with assessments of future vulnerability.
Genome-level approaches can identify candidate adaptive genetic variation and improve the
evaluation of population responses to environmental stress.>7? Integrating these approaches
will improve the scientific basis of restoration planning and support the development of long-
term strategies for Z. japonica conservation and recovery along the Chinese coast.

Carbon stocks in Z. japonica beds varied substantially among regions, with the highest values
recorded at several sites in the Bohai Sea. Structural equation modelling was used to examine
the environmental variables associated with these carbon stocks and indicated that different
carbon pools were related to partly distinct environmental pathways. Aboveground carbon
stock was associated with both water-column conditions and hydrodynamic variables, whereas
belowground carbon stock was more closely associated with sediment physicochemical
properties. Temperature may influence carbon stocks indirectly by altering oxygen availability
and sediment chemical conditions, whereas hydrodynamic conditions may affect sediment
stability, particle deposition, and organic matter retention’®’5. However, the relatively high
proportion of nonsignificant pathways in the sediment carbon model also suggests that
additional factors, such as sediment grain size, sedimentation rate, organic matter sources, and
historical carbon deposition, may contribute to sediment carbon accumulation’. Understanding
these factors is important for developing restoration and management strategies that enhance
coastal carbon storage and contribute to broader carbon-neutrality objectives'3!77.78,

Consistent with studies of mangrove carbon stocks, our results also emphasize the importance
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of sediment conditions and temperature-related environmental processes in regulating coastal
blue carbon storage.’® However, the carbon benefits of restoration cannot be inferred from bed
area alone. The projected suitable habitat represents a potential restoration opportunity space
rather than a direct estimate of realized restoration area, and the associated carbon estimate
represents potential carbon stock under the stated assumptions rather than guaranteed additional
sequestration. Site-specific measurements of sediment properties, carbon stocks, and carbon
accumulation rates will therefore be required to evaluate the realized carbon benefits of Z.
Jjaponica restoration.

Beyond carbon storage, restored seagrass beds can support biodiversity, improve water quality,
stabilize sediments, and increase coastal resilience.®’”?% These co-benefits strengthen the
rationale for incorporating seagrass restoration into broader coastal management and climate-
mitigation strategies. Experiences from large-scale restoration programmes indicate that
restoration success is improved by integrating spatial planning, context-specific method
selection, appropriate restoration scale, and long-term monitoring.'>%* Our framework extends
these principles by linking habitat suitability, future environmental change, genetic information,
restoration methods, and potential carbon benefits within a unified planning framework (Figure
7). However, field validation remains essential for translating projected habitat suitability and
potential carbon benefits into successful restoration and long-term bed persistence.
Conclusion

The strategic restoration of Z. japonica beds offers a promising pathway for enhancing coastal
carbon storage and supporting China’s carbon neutrality goals. By integrating spatial modelling,
field observations, genetic information, and carbon stock assessments, this study provides a
practical framework for identifying priority restoration areas, selecting appropriate restoration
methods, and evaluating potential ecological and carbon benefits. The framework emphasizes
the importance of matching restoration timing and methods to local environmental conditions
and population characteristics. Although our surveys covered most of the known distribution
regions of Z. japonica in China, baseline information remains incomplete. Expanding long-
term seagrass monitoring and carbon stock datasets will enable more robust assessments of
restoration feasibility and the ecological and carbon benefits of seagrass beds.
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Table S1. Sampling information of Z. japonica populations

Page 50 of 100

Code Country Location Latitude
1 QD China Huiquan Bay, Qingdao 36°03'05'N, 120°20'17'E
2 TE China Swan Lake, Rongcheng 37°21'01"N, 122°34'46"E
3 DY China Yellow River Delta, Donying 37°43'09"N, 119°09'49"E
4 HL China Xingcheng, Huludao 40°24'13"N, 120°36'17"E
5 DC China Dachangshan Island, Dalian 39°14'01"N, 122°31"15"E
6 MD China Miaodao Island, Yantai 37°56'00"N, 120°40'50"E
7 TZ China Taozi Bay, Yantai 37°35'02"N, 121°19'47"E
8 Yon South Korea Yongbuk, Koje Island, Busan 35°26'58"N, 128°35'45"E
9 Oha Japan Ohashi River, Shimane 34°48'04"N, 133°06'45"E
10 Sar Japan Saroma Lake, Abashiri, Hokaido 44°04'08"N, 144°11'38"E
11 Not Japan Notoro Lake, Abashiri, Hokaido 44°05'59"N, 143°52"12"E
12 Onn Japan Onneto Lake, Nemuro, Hokaido 43°15'47"N, 145°29'28"E
13 Kat Japan Katsura-jima Island, Miyagi 38°20'08"N, 141°05"14"E
14 Tok Japan Tokyo Bay, Tokyo 35°18'46"N, 139°48'49"E
16 Ago Japan Ago Bay, Mie 34°18'03"N, 136°50'50"E
16 Birch America Birch Bay, WA 48°54'07"N, 122°46'26"W
17 Padi America Padilla, WA 48°28'50"N, 122°28'37"W
18 Willa America Willapa Bay, WA 46°43'40"N, 123°57'06"W
19 Neta America Netarts Bay, OR 45°24'37"N, 123°56'07"W
20 Yaqu America Yaquina Bay, OR 44°34'51"N, 123°59'41"W
21 Coos America Coos Bay, OR 43°18'53"N, 124°19'09"W
22 Humb America Humboldt Bay, CA 40°51'29"N, 124°09'27"W
23 Nan Japan Nanao bay, Noto Penisula, Japan 37°12"11"N, 136°54'24"E
24 Yul South Korea Yulpo, Koje Island, Busan 34°46'04"N, 128°35'45"E
25 Hir Japan Jigozen, Hiroshima bay, Japan 34°20'02"N, 132°19'15"E
26 Lid Japan Lida Bay, Noto Penisula, Japan 37°25'59"N, 137°15'30"E
27 OKki Japan Okinawa Island, Japan 26°20'51"N, 127°53'07"E
28 WJR China Woujiang River, Kinmen Island, 24°25'36"N, 118°18'34"E
29 XSW China Xiangshan Wetland, Taiwan Island 24°46'38"N, 120°54'45"E
30 GMW China Gaomei Wetland, Taiwan Island 24°18'57"N, 120°32'38"E
31 WDP China Wude Port, Penghu Island 23°31'43"N, 119°35'48"E
32 JQ China Jiangmei and Qitou, Penghu Island 23°38'57"N, 119°36'16"E
33 LZ China Laichiwo, Hongkong 22°03'21"N, 114°16'10"E
34 XC China Xiachuan Island, Taishan 21°39'22"N, 112°45'48"E
35 FC China Perl Bay, Fangchenggang 21°35'62"N, 108°12'46"E
36 HP China Hepu, Beihai 21°28'40"N, 109°42'50"E
37 BGI China Beigang Island, Haikou 20°00'54"N, 110°33'45"E
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‘Data _ Time
Sea Surface Temperature (SST) 2015-2022
Sea surface salinity (SSS) 2015-2022

Precipitation 2015-2022

oNOYTULT D WN =

Chlorophyll a concentration 2015-2022

10 SST max/mean/min 2050
1 SSS max/mean/min 2050
12 Currents velocity max/mean/min 2050
13 SST max/mean/min 2100
14 SSS max/mean/min 2100
15 Currents velocity max/mean/min 2100
SST 2023-08
SSS 2023-08

18 Currents velocity 2023-08

Soil pH 2023-08
Seawater dissolved oxygen 2023-08
Soil sulfides 2023-08
Soil organic matter content 2023-08
Seawater phosphorus content  2023-08
Seawater nitrogen content 2023-08
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Table S2. Data source

Source

Application

- Aybrid Coordinate Ocean Model, Water Temperature and

Salinity | Earth Engine Data Catalog | Google for Developers
GSMaP Operational: Global Satellite Mapping of Precipitation - V6 |

Earth Engine Data Catalog | Google for Developers
Ocean Color SMI: Standard Mapped Image MODIS Aqua Data | Earth

Engine Data Catalog | Google for Developers

Effects of environmental
factors on changes in
seagrass meadow area

Bio-ORACLE : Marine data layers for ecological modelling

Effects of environmental
factors on changes in spatial
distribution

HYCOM: Hybrid Coordinate Ocean Model, Water Temperature and
Salinity | Earth Engine Data Catalog | Google for Developers

HYCOM: Hybrid Coordinate Ocean Model, Water Velocity | Earth Engine
Data Catalog | Google for Developers

self-measurement

self-measurement

self-measurement

self-measurement

self-measurement

self-measurement

Effects of environmental
factors on changes in
seagrass carbon stock
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https://developers.google.com/earth-engine/datasets/catalog/HYCOM_sea_temp_salinity
https://developers.google.com/earth-engine/datasets/catalog/JAXA_GPM_L3_GSMaP_v6_operational
https://developers.google.com/earth-engine/datasets/catalog/NASA_OCEANDATA_MODIS-Aqua_L3SMI
https://bio-oracle.org/downloads-to-email-v2.php?version=2_2
https://developers.google.com/earth-engine/datasets/catalog/HYCOM_sea_temp_salinity
https://developers.google.com/earth-engine/datasets/catalog/HYCOM_sea_water_velocity
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Table S3. Degree to which each environmental variable contributes to the MAXENT model

Variable Percent contribution  Permutation importance

mean SST 38.8 7.3
min SSS 15.1 7.3
mean surface current velocity 12.7 32.7
mean SSS 12.4 16.3
max SST 9.2 1.4
9 min SST 5 5.7
10 min surface current velocity 3 6.3
11 max SSS 2.3 16.3
12 max surface current velocity 1.5 6.6

oNOYTULT D WN =
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Table S4. Distribution Changes of Z {aean/c

name

2050 RCP26 2050 RCP45

range expansion

438.9445183  987.6251661

no occupancy (absence in both) 131683.3555 131134.6748

no change (presence in both)
range contraction

105017.476 103590.9063
4718.653572 6145.223256

2050 RCP60
1316.833555
130805.4664
103151.9618
6584.167774

2050 RCP85
768.152907

131354.1471
102383.8089
7352.320681
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a changes

2100 RCP26 2100 RCP45 2100 RCP60
438.9445183  1207.097425 877.8890366
131683.3555 130915.2026 131244.411
104139.587 104578.5315 100518.2947
5596.542608 5157.59809 9217.834884

2100 RCP 85
219.4722591
131902.8277
92178.34884
17557.78073
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E;ion Deg_;ree of reduction in area L Pi He

FC Low 0.21015 70.07212 0.19565
HP High 0.19759 65.66114 0.18411
XC High 0.20299 66.99615 0.18771
Lz High 0.19934 64.81833 0.18547
QD High 0.05341 17.6047 0.04946
DY High 0.09467 31.92494 0.08867
TE Low 0.09204 32.21143 0.08636
TZ Low 0.08276 23.81164 0.07587
MD Low 0.09296 30.20932 0.08724
HL Low 0.08296 23.7141 0.07759
DC Low 0.09557 31.82898 0.08856
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Table St

Ho

Fis

0.26022

0.25026

0.253

0.25439

0.06599

0.11859

0.11756

0.11279

0.12336

0.12265

0.11922

-0.11807

-0.1212

-0.1151

-0.12539

-0.02734

-0.05315

-0.05638

-0.06024

-0.06572

-0.08032

-0.05183
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5. Recommended Restoration Methods for Specific Areas

Recommended methods

Natural recovery combined with habitat protection
Plant transplantation-based restoration

Natural recovery combined with habitat protection
Plant transplantation-based restoration
Seed-based restoration

Combined seed-and-shoot restoration
Seed-based restoration

Combined seed-and-shoot restoration
Seed-based restoration

Combined seed-and-shoot restoration

Combined seed-and-shoot restoration
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oNOYTULT D WN =

Recommended reasons
FC retains the highest genetic diversity among all surveyed populations, while its area reduction is moderate.

Priority should therefore be given to protecting remnant patches, controlling local stressors, maintaining
Despite an area loss of more than 80%, HP retains high genetic diversity. Local, genetically diverse and

environmentally compatible shoots can therefore be used to rapidly rebuild meadow structure, provided that the
XC retains high genetic diversity and has shown slight recent area recovery. Protection of existing patches,

maintenance of habitat connectivity, and reduction of human disturbance should precede any active
LZ has experienced substantial area decline but still retains high genetic diversity. Local shoots collected from

multiple remnant patches can be used to rebuild meadow structure while preserving locally adapted genetic
QD shows the lowest genetic diversity among the surveyed populations, although its area decline is moderate.

Multi-parent seed supplementation is recommended to increase genetic variation and sexual recruitment
DY has experienced the greatest proportional area loss and also exhibits relatively low genetic diversity.

Shoots are needed to rapidly reconstruct meadow structure, while seeds from multiple genetically compatible
The meadow area in TE has remained generally stable, but genetic diversity is relatively low. Small-scale, multi-

parent seed supplementation should be used to improve genetic variation while conserving the existing
TZ has experienced substantial and continuing area decline together with low genetic diversity. Shoot

transplantation alone could reproduce the existing genetic bottleneck; therefore, structural transplantation
MD has experienced relatively limited total decline and has recently shown clear area recovery, but its genetic

diversity remains low. Seed supplementation around meadow margins and between fragmented patches is
HL has lost approximately 80% of its historical meadow area and retains relatively low genetic diversity. Shoots

should be used to establish stable patches, while repeated multi-parent seed addition should increase genetic
DC has lost approximately half of its historical area and exhibits relatively low genetic diversity, although recent

recovery has occurred. Small-scale combined restoration trials should be conducted firsti using compatible

https://mc03.manuscriptcentral.com/innovation-geo



oNOYTULT D WN =

The Innovation Geoscience

Table S6. Distribution of Z. éaeanica carbon stocks among

Region AGC BGC BGC soil part _TC

HL 1 0.41 122 123.41
DC 2.2 0.73 143 145.93
MD 1.7 0.68 137 139.38
TZ 0.7 0.47 130 131.17
DY 0.6 0.16 90 90.76
TE 0.92 0.25 110 111.17
QD 1.1 0.2 60 61.3
LZ 1.4 0.19 92 93.59
XC 1.3 0.58 104 105.88
FC 1.6 0.41 100 102.01
HP 0.6 0.21 50 50.81
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Figure S1. The current potential distribution and suitable/unsuitable habitat of Z. japonica
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Figure S2. The current potential distribution and suitable/unsuitable habitat of Z. japonica
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methods can generate persistent carbon benefits in China
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PUBLIC SUMMARY

®  Zosterajaponica beds have declined, and suitable habitats may contract under future climate change.

® Remote sensing and habitat modelling identify vulnerable areas and guide restoration planning.

®  Site-specific strategies based on habitat, decline, and genetics improve restoration decisions.

® Linking restoration priorities with blue carbon assessment supports coastal conservation and
management.
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strategic restoration/carbon stock survey/driving factors/spatial distribution patterns
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Seagrass restoration at the right time in the right site with right

methods can generate persistent carbon benefits in China

Hongzhen Wang,! Xinqi Li,! Yu Zang,? Jiayi Xin,! Song Xue,? Lei Liu,! Xuexi Tang,"* Jun Chen"

1.MoE Key Laboratory of Evolution & Marine Biodiversity, College of Marine Life Sciences, Ocean
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Ministry of Natural Resources, Qingdao 266061, China.
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ABSTRACT

Zostera japonica beds have declined substantially along the coast of China, highlighting the need for
targeted and effective restoration planning. This study develops a restoration roadmap that supports
China’s carbon neutrality goals by addressing three key questions: where restoration should occur, when
it should be implemented, and which methods should be used. Field surveys, satellite remote sensing,
genetic data, and species distribution modelling were integrated to identify restoration opportunities
under current and future climate conditions. The results indicate that northern China, particularly the
Bohai Sea region, contains the largest extent of suitable and persistent habitat, whereas several southern
populations have experienced substantial bed degradation. A rule-based restoration decision framework
combined seagrass bed decline and genetic diversity to recommend region-specific restoration strategies
across the species range. The phased framework prioritizes areas suitable under current and 2050s
conditions, particularly those projected to remain suitable by the 2100s, while treating areas becoming
suitable mainly by the 2100s as long-term adaptive reserves. By the 2100s, approximately 103,371 ha of
potential suitable habitat is projected, corresponding to an estimated potential carbon stock of 10.86 Tg
C. These findings provide a spatially explicit framework for improving Z. japonica restoration planning

and evaluating its potential long-term carbon benefits in China.
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INTRODUCTION

Climate change poses substantial socioeconomic challenges for China, which has committed to
advancing global climate change mitigation.! The principal driver of contemporary climate change is the
accumulation of greenhouse gases (GHGs), largely resulting from the combustion of fossil fuels such as
coal and oil.2 Understanding the sources, sinks, and fate of GHGs is therefore essential for developing
effective climate policies and mitigation measures. Quantifying global GHG budgets, particularly the
carbon budget, has consequently become central to climate mitigation and sustainable ecosystem
management.>* Identifying and quantifying under-recognized carbon sinks has therefore emerged as a
major challenge in global change research.

In China’s national climate mitigation strategy, expanding forest area and enhancing terrestrial carbon
sinks have been identified as important measures.’® However, compared with many terrestrial
ecosystems, some coastal blue carbon ecosystems can exhibit high carbon burial rates per unit area and
retain carbon in sediments over long timescales.>!? Although ocean carbon research has traditionally
emphasized pelagic carbon cycling, including plankton-mediated carbon uptake,!' increasing attention
has shifted toward vegetated coastal ecosystems, in which benthic macrophytes such as seagrass play a
disproportionately important role.'>!3 Vegetated coastal ecosystems, including seagrass beds, occupy
less than 0.2% of the global ocean surface but contribute substantially to organic carbon burial in marine
sediments.'*!> Globally, seagrass beds are estimated to sequester 48-112 Tg-C-yr'! and store several to
tens of petagrams of carbon in their biomass and sediments.'*!6 In China, seagrass beds cover
approximately 14,000-20,000 ha and contain an estimated 8.1-12.0 Tg-C, with an annual sequestration
capacity of 0.12-0.18 Tg-C-yr.171% Together, these estimates highlight the under-recognized
contribution of China’s seagrass beds to coastal blue carbon storage and their potential relevance to
carbon neutrality strategies.

However, seagrass ecosystems are declining rapidly because of climate change and human activities.
Since 1880, at least 5,602 km? of documented seagrass meadow area has been lost globally.?® Many
assessments have focused primarily on documenting changes in bed area, whereas the environmental
drivers of decline and the spatial priorities for restoration remain insufficiently resolved.'>?° As seagrass
ecosystems receive increasing attention within the global conservation agenda, it is essential to determine
where and why these beds are declining and how their degradation can be reversed.

Substantial progress has been made in seagrass conservation and restoration in recent years.?!?
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Nevertheless, restoration remains constrained by fragmented management, site-specific habitat
degradation, limited species-specific guidance, and insufficient integration of ecological suitability with
potential carbon benefits. The United Nations designated 1 March as World Seagrass Day to raise
awareness of the ecological importance of seagrass ecosystems. China has also implemented numerous
initiatives involving seagrass protection, restoration, and seed-based bed expansion.!”1823.24 Despite
these efforts, several fundamental questions remain unresolved, including where seagrass restoration
should be prioritized, which restoration methods are most appropriate, and when restoration should be
implemented.

As anative intertidal species of the northwest Pacific coast, Z. japonica forms meadows that are the most
widely distributed of all seagrass ecosystems in China.??¢ However, this species has experienced
substantial population declines under the combined pressures of chronic human disturbance and
intensifying climatic extremes.?2® These pressures have caused widespread degradation of Z. japonica
beds and raised concern about the long-term persistence of the species in its native habitats.?>-2%-30
Consequently, changes in its distribution and condition can strongly influence the overall status and
carbon storage capacity of China’s seagrass resources. Previous studies have shown that Z. japonica beds
contribute substantially to regional blue carbon stocks and help maintain carbon storage in shallow
coastal ecosystems.'>!® Given its ecological importance and extensive distribution, improving the
conservation and restoration of Z. japonica is important for strengthening coastal ecosystem resilience
and supporting China’s marine carbon management goals.!”-18:31

Here, we developed an illustrative restoration roadmap for Z. japonica in China by addressing three key
questions: where to restore, how to restore, and when to restore. To determine where restoration should
be prioritized, we used satellite remote sensing to quantify recent spatial changes in Z. japonica beds and
combined species distribution modelling with habitat assessments under sea-level-rise scenarios to
identify current and future potentially suitable areas. To determine how restoration should be
implemented, we integrated bed decline, genetic diversity, and restoration practice into a rule-based
decision framework for selecting among seed-based restoration, shoot transplantation, combined
restoration, and protection or natural recovery. To determine when restoration should be prioritized, we
compared current suitable areas with projected suitable areas under climate scenarios for the 2050s and
2100s and developed a phased restoration strategy. Finally, we combined projected suitable areas with

field-based carbon stock estimates to evaluate the potential carbon stock associated with future
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restoration opportunities. This framework provides a spatially explicit and method-oriented basis for Z.

Jjaponica restoration planning and coastal blue carbon management in China.
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MATERIALS AND METHODS

Study area

The study area was defined by integrating multisource occurrence records of Z. japonica to
provide a basis for spatial analysis. Occurrence records from peer-reviewed field studies were
prioritized, and additional distribution points were obtained from GBIF (https://www.gbif.org)
and OBIS (https://obis.org). All records were processed following standardized procedures for
species distribution data that are widely applied in seagrass and coastal vegetation studies.?
The procedure included removing duplicate coordinates, excluding records with spatial
uncertainty greater than 1 km, evaluating the ecological plausibility of each record using
published habitat descriptions, and verifying its geographic location using high-resolution
satellite imagery. After applying these criteria, 37 reliable occurrence points were retained, 17
of which were located in Chinese coastal waters (Table S1). This workflow is consistent with
established approaches in seagrass mapping and blue carbon research.'3

To delineate the spatial extent of the regional analyses, we combined historical occurrence
records, ecological literature describing the habitat requirements of Z. japonica, and multiyear
satellite imagery spanning 2014 to 2022. Field surveys conducted in 2023 covered the major
seagrass regions of the Bohai Sea, Yellow Sea, and northern South China Sea, representing the
principal latitudinal distribution of Z. japonica within China. The species primarily occupies
shallow littoral waters, generally less than 6 m deep and typically within 10 km of the coastline.
To ensure that peripheral and potentially suitable coastal habitats were not excluded, a 20 km
buffer was established along the Chinese coastline. This approach is consistent with commonly
used practices in coastal habitat modelling and marine vegetation mapping. In addition to
defining the operational extent of the regional analyses, we generated a global habitat suitability
map using all 37 occurrence records to examine the broader spatial pattern of environmentally
suitable areas under current conditions (Figure 1). We further analysed the centroid and
directional shifts of suitable habitat within the northwestern Pacific region under current and
future climate conditions (Figure 2). By contrast, all quantitative analyses conducted for
Chinese coastal waters, including remote sensing extraction, habitat suitability assessment, and
environmental factor analysis, were restricted to the defined 20 km coastal buffer. This

distinction clarifies the relationship between the broad-scale suitability maps and the regional

https://mc03.manuscriptcentral.com/innovation-geo



oNOYTULT D WN =

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

The Innovation Geoscience

analytical extent and avoids misinterpretation of model boundaries.??

All spatial analyses were performed in ArcGIS 10.4. These analyses included constructing the
coastal buffer, extracting environmental variables, and generating spatial predictor layers for
species distribution modelling. Climate-based projections were developed using environmental
layers corresponding to the selected future climate scenarios. The integration of species
occurrence records with environmental and climate variables followed the core methodological
principles of species distribution modelling described in foundational studies.*** To minimize
multicollinearity among predictor variables, we adopted recommended procedures for
ecological modelling.3¢

Construct Z. japonica index (ZJI)

The Z. japonica index (ZJI) was constructed by integrating field observations, historical records,
and multitemporal remote sensing data in ArcGIS and Google Earth Engine. The
methodological framework was adapted from the time-series spectral and phenological index
developed for long-term monitoring of Z. japonica in the Yellow River Delta.'?

First, identification of the potential distribution area. Time-series Landsat imagery, including
Landsat 5 Thematic Mapper, Landsat 7 Enhanced Thematic Mapper Plus, and Landsat 8
Operational Land Imager surface reflectance products, was used to delineate the potential
distribution area. The surface reflectance products were generated through atmospheric
correction using the Landsat Ecosystem Disturbance Adaptive Processing System for Landsat
5 and 7 and the Landsat Surface Reflectance Code for Landsat 8. Poor-quality pixels affected
by clouds, cirrus, cloud shadows, or snow were removed using the corresponding quality-
assurance bands. This preprocessing workflow was consistent with established remote sensing
methods for coastal wetland mapping.'®37

Second, calculation of spectral and phenological indices. For each valid pixel, three spectral
indices were calculated following established definitions. The normalized difference vegetation

index was calculated as:

NIR—R

NDVI = v TR

where NIR and R represent near-infrared and red reflectance, respectively.3®

The modified normalized difference water index was computed as:
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G—-SWIR1

mNDWI = TR

where G is green band reflectance and SWIRI is shortwave infrared reflectance.?”
The tasseled cap brightness index was calculated using sensor-specific Landsat
transformation coefficients:4

TCBI=a, B+a,G+a; R+a, NIR+a SWIR1+a, SWIRZ
where B, G, R, NIR, SWIRI, and SWIR2 represent blue, green, red, near-infrared,
shortwave-infrared 1, and shortwave-infrared 2 reflectance, respectively,and a;—ag are
the corresponding sensor-specific coefficients.
The phenological characteristics of Z. japonica were represented using the maximum
NDVI during the growing period and the mean NDVI during the senescence period.
Based on long-term observations of Z. japonica, the growing period was defined as day
of year 150-250 and the senescence period as day of year 260-330. For each analysis
period, the maximum NDVI composite was generated, and the corresponding mNDWI
and TCBI values were extracted from the date on - which NDVI reached its maximum.
Mean NDVI during the senescence period was also calculated for each pixel.
Third, construction of ZJI. The Z. japonica index was formulated by integrating spectral and
phenological features that distinguish Z. japonica from other intertidal vegetation types such as

Spartina alterniflora, Suaeda salsa and tidal flats. The index was defined as:

NoData (MNDW Iyimax < 0)
7]l = 2NDVIpax—SeNDV I oan

TCBlypmax

(MNDW Iy max > 0) where NDVI,,,, is the maximum

NDVI during the growing period, SeND V1., is the mean NDVI during the senescence period,
and mNDW Iy, and TCBIy ., are the mNDWI and TCBI values corresponding to the date of
maximum NDVI. Pixels with mNDWly .« < 0 were assigned NoData because this condition
was used to exclude higher intertidal vegetation, particularly S. alterniflora, and other non-
target cover types. These pixels were masked in subsequent classification.

Fourth, separability analysis. To evaluate the discriminatory ability of the individual spectral
variables and ZJI, a separability index was calculated. The index incorporates both interclass

differences and intraclass variability and was calculated as:*!

|z —Hol

120 = 196 % (a, + 04)
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where 1, and 1, denote the mean index values of Z. japonica and the other class and o, and o,
denote the corresponding standard deviations.

Fifth, automated extraction using multilevel Otsu segmentation. For each analysis period, the
ZJI image within the potential distribution area was classified using a multilevel Otsu
thresholding algorithm implemented in Google Earth Engine. The algorithm divided the ZJI
histogram into three classes by identifying two thresholds that maximized the between-class
variance. The class with ZJI values greater than the upper threshold was classified as Z.
Jjaponica, whereas the remaining classes were classified as non-Z. japonica. Thresholds were
determined independently for each analysis period to account for temporal and regional
variation in spectral conditions.

Finally, accuracy assessment and validation. Stratified random validation samples were
interpreted using field observations and contemporaneous or near-contemporaneous high-
resolution Gaofen, WorldView, and SPOT imagery. Classification performance was evaluated
using confusion matrices, from which producer’s accuracy, user’s accuracy, overall accuracy,
and the kappa coefficient were calculated. As an additional external comparison, ZJI-derived
maps were overlaid with publicly available seagrass distribution records from the CEARAC
Web-GIS platform. Because CEARAC coverage is incomplete for the Chinese coast and is not
consistently species specific, these records were used only to examine spatial correspondence
in areas with confirmed seagrass occurrence and were not treated as a comprehensive species-
level accuracy dataset.

Species distribution models

To predict the current and future habitat suitability of Z. japonica, we constructed species
distribution models using MaxEnt. Model calibration and optimization were performed with
the ENMeval package,*> following established procedures for presence-only ecological niche
modelling.3**> Two key parameters were tuned: the regularization multiplier and feature class.
The regularization multiplier ranged from 0.5 to 5.0 at intervals of 0.5, resulting in ten candidate
values. MaxEnt supports five feature types, including linear, quadratic, hinge, product, and
threshold features. Eight feature-class combinations were evaluated: L, LQ, H, LQH, LQHP,
LQHPT, HPT, and QPT. These settings generated 80 candidate parameter combinations, which

were evaluated using the small-sample corrected Akaike information criterion implemented in
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ENMeval. Additional metrics, including the omission rate at the 10% training-presence
threshold and the difference between training and test AUC, were used to assess model
complexity and potential overfitting.

After model selection, the optimal configuration consisted of a regularization multiplier of 3.5
and the LQHPT feature class. The maximum number of background points and model iterations
were both set to 10,000. Model performance was evaluated using the area under the receiver
operating characteristic curve, which is widely used for presence-only species distribution
models.’* AUC values range from 0 to 1, with values below 0.7 indicating low discriminatory
ability, values between 0.7 and 0.9 indicating moderate discriminatory ability, and values above
0.9 indicating high discriminatory ability.

The final MaxEnt simulations produced continuous maps of relative habitat suitability for Z.
Jjaponica. The outputs were imported into ArcGIS for post-processing, and the mean suitability
values from ten replicate runs were converted to raster format. Suitability values were classified
into four categories: unsuitable, < 0.20; low suitability, 0.20 to < 0.50; moderate suitability,
0.50 to < 0.75; and high suitability, > 0.75.

The Java-based MaxEnt software was used for all habitat suitability modelling, and 10,000
background points were sampled to represent the available environmental space. Predicted
habitat suitability maps were converted into binary suitable and unsuitable grids using
SDMtoolbox implemented in ArcGIS and the selected threshold-based conversion procedure.*
Habitat dynamics under future scenarios were quantified by comparing current and future
binary maps to identify areas of expansion, stability, contraction, and persistent unsuitability.
Spatial pattern analysis was conducted using the centroid-shift tool in SDMtoolbox to estimate
the geographic centers of suitable habitat and assess the direction and relative magnitude of
projected shifts under future climate conditions. For the centroid analysis, only suitable raster
cells within the northwestern Pacific region were included.

Sea level rise assessment of Z. japonica

Sea level rise data for regions containing Z. japonica populations were obtained from the
Copernicus Marine Service. To evaluate the relationship between sea level change and long-
term variation in seagrass bed area, we applied a generalized additive model, which is widely

used to characterize nonlinear ecological responses to environmental gradients.*+43
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A GAM was implemented to capture nonlinear relationships between sea level change and
seagrass area dynamics:

Area; = By + f(SLR;) + ¢;
where Area; represents the annual change in seagrass area at site i and SLR; denotes the
corresponding sea level anomaly. The smoothing function f was fitted using the mgcv
package in R, which provides robust and flexible spline based estimation for ecological
GAMs.*
The basis dimension k was set to three to avoid overfitting while capturing potential nonlinear
patterns in the relationship between sea level rise and seagrass area change**. Model diagnostics
included residual inspection, concurvity checks and evaluation of effective degrees of freedom
following established GAM best practices.*
This modelling framework enabled the detection of nonlinear responses and potential
thresholds in the sensitivity of Z. japonica to progressive sea level rise, complementing remote
sensing derived seagrass dynamics documented in previous coastal vegetation studies.*’
Projected habitat change based on MaxEnt and sea level rise
To evaluate future habitat changes of Z. japonica under sea level rise, we considered four
representative climate scenarios for 2050 and 2100. Projected sea level increases were set to
0.3 and 0.6 m under RCP2.6, 0.4 and 0.8 m under RCP4.5, 0.5 and 1.0 m under RCP6.0, and
0.7 and 1.5 m under RCP8.5, respectively, with the 1.5 m projection representing an upper-
range scenario consistent with recent assessments of accelerated sea level rise.*®* For each
scenario, we estimated the extent of coastal areas subject to inundation and identified portions
of the current intertidal zone that would shift to depths considered unsuitable for Z. japonica.
To delineate future water-depth conditions, elevation and bathymetric data were obtained from
the General Bathymetric Chart of the Oceans GEBCO 2023 global grid
(https://www.gebco.net), which has been widely used in regional and global assessments of
coastal inundation and habitat exposure.’®' The GEBCO grid was resampled to a 1 m
computational grid for spatial overlay and scenario analysis. Projected sea level increments
were then added to the baseline elevation and bathymetric surface to generate scenario-specific
layers representing future relative water-depth distributions along the Chinese coast. The

effective spatial information of these layers remained constrained by the native resolution of
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the GEBCO dataset.

The depth threshold for unsuitable seagrass habitat was determined by combining the
generalized additive model results with published information on seagrass depth limits. A
relative water depth of 1.5 m was selected as the critical threshold because Z. japonica bed area
declined markedly near this level in the time-series analysis and because comparable shallow
depth constraints have been reported for seagrasses in light-limited coastal environments.>?>4
Under each sea level rise scenario, grid cells with projected relative water depths shallower
than 1.5 m were classified as potentially suitable in terms of depth, whereas cells exceeding
this threshold were classified as unsuitable.

Binary habitat suitability maps derived from MaxEnt were then intersected with the depth-
based suitability masks to quantify projected habitat dynamicsunder each scenario. Areas that
remained suitable were classified as stable habitat, areas that shifted from unsuitable to suitable
were classified as expansion zones, areas that shifted from suitable to unsuitable were classified
as contraction zones, and areas that remained unsuitable were classified as persistently
unsuitable. This combined approach linked climate-based habitat suitability projections with
sea level rise exposure and was used to identify coastal regions where Z. japonica habitat may
be vulnerable to future inundation:

Investigation and Assessment of Carbon Stock

The distribution of Z. japonica along the Chinese coast was divided into 11 principal regions.
A total of 33 stations were established for sediment sampling, and 110 field plots were surveyed
for seagrass biomass and environmental variables (Table S2 & Figure 3). Field surveys and
sediment sampling were conducted in August 2023. A 10 m x 10 m survey area was established
at each field plot, within which vegetation and environmental variables were assessed. During
biomass sampling, all seagrass plants within the designated sampling quadrat were collected,
rinsed carefully to remove sediment from the roots, and placed in labelled sample bags.
Seagrass plants were separated into aboveground tissues, including leaves and leaf sheaths, and
belowground tissues, including rhizomes and roots. Epiphytes were scraped from the leaf
surfaces. Aboveground and belowground biomass samples were placed in separate labelled
bags, and epiphytes were transferred to preweighed centrifuge tubes.

A handheld sediment corer (SD-1, Australia) was used to collect one sediment core to a
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maximum depth of 1 m at each sediment-sampling station. Each core was sectioned and bagged
in the field. Sediment from 0 to 50 cm was divided into five 10 cm intervals, whereas sediment
from 50 to 100 cm was treated as a single interval, resulting in six depth intervals per core.
When the full depth of 1 m could not be reached, the actual sampling depth was recorded. All
plant and sediment samples were stored at —20°C and transported to the laboratory for analysis.
Seagrass biomass samples were freeze-dried to constant mass, and their dry masses were
recorded. The dried samples were ground, passed through a 100-mesh sieve, sealed in sample
bags, and stored in a desiccator until analysis. Sediment samples were oven-dried at 60°C to
constant mass. The dried sediments were homogenized using a ceramic mortar, passed through
a 100-mesh sieve, sealed in sample bags, and stored in a desiccator until analysis. Organic
carbon concentrations in seagrass tissues and epiphytes were measured using the nondispersive
infrared absorption method, whereas sediment organic carbon concentrations were determined
using the potassium dichromate oxidation method.

The total carbon stock of each seagrass bed consisted of plant carbon stock, including
aboveground, belowground, and epiphytic/ carbon, and sediment carbon stock. Plant carbon
stock was calculated as follows:

Vestock = Vea +Vep + Ve
where Vcgock 18 the plant carbon stock, Vi, is the biomass carbon stock in the above-ground
fraction, V¢, is the biomass carbon stock in the below-ground fraction, and V¢, is the carbon

stock in epiphytic organisms, all in megagrams of carbon (Mg C).

n
E : Si

VCaZ wcorgi XMSp,ixs_Xlo_Z
= ’ sp,i

n

S; ,

VCb = wcorgb,i X MSpb,i X S_ x 10
=1 sp,l

n
Si _2
VCe = wcorge,i X Mspe,i X S_ X 10
. sp,i
i=1
where ®corgis Ocorgbi AN Wcoree;i are the mass fractions of plant above-ground fraction, plant
below-ground fraction and epiphytic organisms' organic carbon in % for the ith seagrass

partition sample, respectively. Mg, i, Mgpbi and Mg,.; are the dry mass of above-ground plant

parts, below-ground plant parts and epiphytic organisms in the ith seagrass compartment
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sample, in g, respectively. S, ;: area of plant sample in the ith seagrass partition, in m?; S;: area
of the ith seagrass partition, in ha.

n
Scstock = z Ccol,i X §; x 100

=1
i
Ceoli = Z Wegom; X Pj X Hj
j=1
where Scgock 1 the sediment carbon stock in Mg C and C,,; is the organic carbon content of
column samples at 100 cm or the actual depth of investigation in g/cm?. S; is the area of the ith
seagrass partition in ha; C,m is the mass fraction of organic carbon in the jth layer of sediment
in %. H; is the thickness of the sediment in layer j in cm, the thickness of layers 1 to 5 are all
10 cm, and the thickness of layer 6 is the actual thickness of samples of 50 cm or more.
Cstock = Vestock T Scstock
where Cg,q 18 the total carbon stock in the seagrass bed ecosystem, Vcgock 1S the plant carbon
stock, and Scgck 1S the sediment carbon stock, all in Mg C.
Environment variables
To evaluate the relationships between environmental factors and the dynamics of Z. japonica,
we examined variation in bed area, carbon stock, and habitat distribution across the study
regions (Table S2). To analyse the influence of environmental variables on bed area, the
maximum monthly bed area recorded at each site was used. A response ratio approach was
applied to quantify the associations between environmental factors and bed area, following
established methods used in ecological impact assessments.>® Ten water quality variables were
measured, including pH, water temperature, salinity, dissolved oxygen, total nitrogen, total
phosphorus, total carbon, total organic carbon, dissolved inorganic carbon, and dissolved
organic carbon. Additionally, mean annual temperature was obtained as a climatic variable.
To assess the relationships between environmental conditions and spatial habitat suitability,
surface environmental layers were obtained from Bio-ORACLE, a widely used marine
environmental database for species distribution modelling.’%>7 Environmental data representing
the period from 2000 to 2014 were used to characterize current conditions. Future
environmental layers were obtained for the 2050s and 2100s under the RCP2.6, RCP4.5,

RCP6.0, and RCP8.5 scenarios. All layers were downloaded at a spatial resolution of 5 arc min,
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converted to ASCII format, and processed in ArcGIS 10.4 for input into MaxEnt version 3.4.1.
Percentage contribution and permutation importance were used to evaluate the relative
importance of environmental variables in the MaxEnt model.

To minimize multicollinearity, pairwise Pearson correlation coefficients were calculated
among the candidate environmental variables using ENMTools version 1.3. Variables with |r|
> 0.8 were considered strongly collinear and were screened following established
recommendations for species distribution modelling.*® When two variables were strongly
correlated, the variable with greater ecological relevance and model contribution was retained.
Variance inflation factors were also calculated to further evaluate multicollinearity, and
variables with VIF values below 10 were retained for model calibration.”® After variable
screening, nine environmental predictors were retained for the final MaxEnt model.

To evaluate the relationships between environmental variables and carbon stocks, we analysed
sediment total nitrogen, total phosphorus, organic matter, pH, and sulfide concentrations,
together with the corresponding seawater and oceanographic variables included in the structural
equation models. Sediment total nitrogen was quantified using a combustion method with an
elemental analyser, whereas total phosphorus was measured using the Olsen extraction method.
Sediment organic matter was determined using the Walkley—Black dichromate oxidation
procedure, and pH was measured using a calibrated digital pH meter. These analytical
procedures followed established methods used in coastal blue carbon and sediment
biogeochemical assessments.>%¢0

Literature Search and Screening

Our analysis involved a systematic literature search and screening process to identify seagrass
restoration methods in relation to genetic diversity and the extent of bed area reduction. The
search was conducted following the PRISMA framework. We searched the Web of Science
Core Collection and China National Knowledge Infrastructure databases using predefined

EE T3

keyword combinations. The search terms included “seagrass restoration”, “eelgrass restoration”,
9% ¢ 9% <¢ 9 <c

“Zostera japonica”, “genetic diversity”, “heterozygosity”, “allelic richness”, “seagrass decline”,

“area reduction”, “habitat loss”, “seed broadcasting”, ‘“seed-based restoration”, “shoot
99 e

transplanting”, “transplantation”, and “restoration method”. A total of 79 potentially relevant

records were initially identified.
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The screening process consisted of four steps. First, potentially relevant records were identified
through database searches using the predefined search terms. Second, duplicate records and
clearly irrelevant studies were removed. Third, titles and abstracts were screened to retain
studies related to seagrass restoration, genetic diversity, bed area reduction, habitat loss, or
restoration methods. Fourth, the full texts of potentially eligible studies were assessed, and
relevant data were extracted from studies that met the inclusion criteria. After title and abstract
screening, 50 articles were retained for full-text assessment.

Studies were included if they met one or more of the following criteria: they reported genetic
diversity indicators, such as the number of alleles, heterozygosity, or allelic richness, and/or
quantified the extent of seagrass bed area reduction; they specified the restoration method used,
including seed broadcasting, other seed-based approaches, shoot transplantation, or combined
methods; they described previous habitat conditions and human or natural disturbances
affecting the seagrass bed; and they provided sufficient geographic information for contextual
interpretation. The Sustainable Wetlands Adaptation and Mitigation Program database was
additionally consulted to inform the organization of coastal blue carbon assessment variables.
It was not used as a bibliographic database or as a source of records in the literature-screening
process.

Rule-based restoration decision framework

A rule-based decision framework was developed using studies that met all inclusion criteria
during the literature-screening process. The framework was designed to support the selection
of seagrass restoration strategies based on two ecological indicators: genetic diversity and the
extent of bed area reduction. Rule-based decision frameworks have increasingly been used in
restoration planning because they allow categorical ecological information to be linked
transparently with management options.'¢!

The extent of bed degradation was determined by comparing the mapped bed area during the
baseline period of 2014-2015 with that during the most recent assessment period of 2022-2023.
Populations that had lost 50% or more of their baseline bed area were classified as having high
bed degradation, whereas those with an area reduction of less than 50% were classified as
having limited bed degradation. The 50% cutoff was used as an operational threshold to

distinguish populations that had lost at least half of their mapped bed extent from those retaining
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a larger proportion of the baseline bed.

Genetic diversity status was evaluated using multiple population-genetic metrics rather than
nucleotide diversity alone.%> The proportion of polymorphic loci (Pi), expected heterozygosity
(He), and nucleotide diversity () were used as the principal diversity indicators. Observed
heterozygosity (Ho) was used as supplementary information on realized heterozygosity,
whereas FIS was considered separately to assess heterozygote deficiency or excess and was not
treated as a direct measure of genetic diversity.3-64

Because all populations belonged to the same species and were analyzed using the same
genomic dataset and filtering criteria, each principal genetic metric was standardized relative
to the maximum value observed among the 11 populations. A relative genetic diversity index

was then calculated as:

Pi He,i Tti

1

Gi = 3 ( Pmax + He,max + Ttmax

where Pi, He,i, and mi represent the proportion of polymorphic loci, expected heterozygosity,
and nucleotide diversity of population i, respectively, and the denominators represent the
corresponding maximum values observed across all populations. Populations with Gi > 0.75
were classified as having relatively high genetic diversity, whereas populations with Gi < 0.75
were classified as having relatively low genetic diversity. This operational boundary reflected
the clear separation between the southern high-diversity populations and the northern lower-
diversity populations in the present dataset and was not regarded as a universal genetic
threshold.

Restoration methods were subsequently assigned using the combination of structural decline
and genetic diversity status. Sites with low-to-moderate area reduction and high genetic
diversity were assigned to natural recovery combined with habitat protection. Sites with high
area reduction but high genetic diversity were assigned to shoot-transplantation-based
restoration, because the principal requirement was rapid reconstruction of meadow structure
while retaining locally adapted genetic resources. Sites with low-to-moderate area reduction
and low genetic diversity were assigned to seed-based restoration, with seeds collected from
multiple parent plants and, where appropriate, multiple environmentally compatible donor

patches to increase sexual recruitment and genetic variation. Sites with both high area reduction
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and low genetic diversity were assigned to combined seed-and-shoot restoration, in which
transplanted shoots were used to rapidly establish meadow structure and multi-parent seed
supplementation was used to broaden the genetic base and reduce bottleneck risks.

These recommendations were treated as preliminary restoration options rather than fixed
prescriptions. Final method selection also considered donor availability, habitat suitability,
hydrodynamic and sediment conditions, causes of bed degradation, risks of genetic transfer,
potential impacts on donor beds, and the feasibility of long-term monitoring and maintenance.
Genetic diversity data of Z. japonica

Whole-genome resequencing was conducted to characterize the genetic diversity of Z. japonica
across 11 geographic populations along the Chinese coast. Leaf tissues were collected from
representative individuals, and genomic DNA was extracted using standard plant DNA extraction
protocols. Paired-end sequencing libraries were constructed and sequenced on the Illumina
NovaSeq platform to generate genome-wide resequencing data, following approaches commonly
used in recent seagrass population genomic studies.®

Raw sequencing reads were quality-filtered using fastp and aligned to the Z. japonica reference
genome using the Burrows—Wheeler Aligner. Sequence alignments were processed, and high-
confidence single-nucleotide polymorphisms were identified following the Genome Analysis
Toolkit best-practice workflow. Variant sites were subsequently filtered according to sequencing
depth, missing-data rate, minor allele frequency, and allelic state. All resequencing data have been
deposited in the National Center for Biotechnology Information Sequence Read Archive under
BioProject accession PRINA1344808.

Genetic diversity indices, including observed heterozygosity, expected heterozygosity, allelic
richness, and nucleotide diversity (w), were calculated using VCFtools and appropriate R packages
for population-genetic analysis. These indices are widely used to characterize genetic variation in
marine angiosperm populations,®6-67

RESULTS

Where to restore: mapping the potential restoration opportunity

Predicted distribution and habitat suitability provide spatially explicit indications of where
environmental conditions may support restoration under specified climate conditions, rather

than direct estimates of restoration success. Using MaxEnt, we predicted the global distribution
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of environmentally suitable areas for Z. japonica under current conditions and found that the
largest and most continuous suitable areas were concentrated in the northwestern Pacific Ocean
(Figure 1). Centroid analysis of the suitable area within the northwestern Pacific region further
showed that its geographic center was located in Chinese coastal waters (Figure 2). This spatial
pattern suggests that China represents an important regional focus for the conservation and

restoration planning of Z. japonica.
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Figure 1. Predicted habitat suitability for Z. japonica under current environmental conditions (A)
Global distribution of predicted habitat suitability. (B—G) Enlarged views of the major suitable regions
in northeastern North America, the eastern coast of North America, the Gulf of Mexico, northern Europe,
the Black Sea region, and East Asia, respectively. Colors from blue to red indicate increasing predicted

habitat suitability from low to high.
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Figure 2. Projected shifts in the centroid of suitable habitat for Z. japonica under future climate
scenarios within the northwestern Pacific region (A) Projected centroid shifts under RCP2.6, RCP4.5,
RCP6.0, and RCPS.5 in the 2050s. (B) Projected centroid shifts under the same climate scenarios in the
2100s. Arrows indicate the direction and relative magnitude of projected changes in the geographic

centroid of suitable habitat.
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Figure 3. Spatial distribution and temporal changes of Z. japonica beds along the coast of China,
excluding Taiwan Island (A) Locations of the 11 surveyed populations: QD, Huiquan Bay, Qingdao;
TE, Swan Lake, Rongcheng; DY, Yellow River Delta, Dongying; HL, Xingcheng, Huludao; DC,
Dachangshan Island, Dalian; MD, Miaodao Island, Yantai; TZ, Taozi Bay, Yantai; LZ, Lai Chi Wo,
Hong Kong; XC, Xiachuan Island, Taishan; FC, Pearl Bay, Fangchenggang; and HP, Hepu, Beihai. The
blue line indicates the coastline. (B) Spatial distribution and temporal changes in bed area and the Z.
Japonica index from 2014 to 2022 at the 11 study sites, green areas on the maps indicate pixels classified
as Z. japonica beds based on the ZJI. In the temporal profiles, yellow and green lines indicate bed area
and ZJI, respectively. (C) Response ratios of Z. japonica bed area to environmental variables across the
study sites in 2023. (D) Generalized additive model showing the nonlinear relationship between sea

level rise and Z. japonica bed area.
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The 11 surveyed populations spanned the major distribution regions of Z. japonica along the
Chinese coast, from the Bohai and Yellow seas to the northern South China Sea (Figure 3A).
Remote sensing analyses revealed an overall decline in the mapped area of Z. japonica beds
along the Chinese coast from 2014 to 2022, although the magnitude and temporal pattern of
change varied among sites (Figure 3B). Greater losses were generally observed at sites in the
South China Sea than at several northern sites. Response ratio analysis indicated that
temperature and sea level rise were among the environmental variables most strongly associated
with spatial variation in bed area (Figure 3C). The generalized additive model further identified
a nonlinear relationship between sea level rise and bed area, with a marked decline occurring
beyond approximately 0.9 m and bed area approaching low levels at approximately 1.5 m
(Figure 3D).

MaxEnt projections of current habitat suitability within Chinese coastal waters identified three
principal suitable regions: the coastal zone of the Liaodong Peninsula, the northwestern Bohai
Sea, and selected coastal areas of the Shandong Peninsula, particularly its eastern and
northeastern coasts and the Qingdao coastal region (Figure S1). These predicted suitable areas
were generally consistent with the surveyed distribution of Z. japonica shown in Figure 3.
Among the nine retained environmental predictors, mean sea surface temperature had the
highest percentage contribution to the MaxEnt model, indicating its dominant contribution to
model calibration. Mean surface’ current velocity had the highest permutation importance,
indicating that model predictions were particularly sensitive to this variable. Minimum and
mean sea surface salinity also contributed to model performance. Together, these results
indicate that temperature, salinity, and current velocity were the principal environmental
variables associated with the current predicted distribution of Z. japonica in Chinese coastal
waters (Table S3).

When to restore: progressive restoration

Projected habitat changes under future sea level rise and climate scenarios provide a basis for
prioritizing the timing of Z. japonica restoration. Our projections indicate progressive declines
in both habitat suitability and the extent of suitable habitat under all future climate scenarios,
with clear spatial differences among regions (Figure 4).

By the 2050s, both occurrence probability and suitable habitat extent are projected to decline
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markedly in the northwestern Bohai Sea and the western coastal waters of the Liaodong
Peninsula under the RCP4.5 and RCP8.5 scenarios, with some areas approaching local
disappearance by the 2100s. In the coastal waters of the Shandong Peninsula and the eastern
Liaodong Peninsula, suitable habitat is also projected to decline progressively from the 2050s
to the 2100s under the same scenarios. Quantitatively, the suitable habitat of Z. japonica is
projected to decrease by 56.76% under RCP4.5 and 57.35% under RCP8.5 by the 2050s. By
the 2100s, the projected decline is 56.26% under RCP4.5 and 61.80% under RCP8.5 (Figure
S2 & Table S4). In contrast, the potential for range expansion is very limited, with newly
suitable habitat accounting for less than 2% under both scenarios in the 2050s and 2100s.
These projections support a progressive restoration strategy based on habitat persistence
through time. Restoration should be prioritized in areas-that are suitable under current
conditions and remain suitable in the 2050s, particularly those also projected to remain suitable
in the 2100s, because these areas represent relatively stable core restoration zones with greater
potential for long-term persistence and sustained carbon storage. Areas projected to become
suitable mainly by the 2100s should instead be regarded as long-term adaptive restoration
reserves and incorporated into future monitoring and planning, rather than being treated as
immediate restoration targets.

Under this framework, the total area projected to remain or become suitable for Z. japonica by
the 2100s reaches 103,371 ha, ‘depending on climate scenario and restoration planning
assumptions (Figure 5). This projected area should be interpreted as a potential restoration

opportunity space rather than as a direct estimate of realized restoration area.
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Figure 4. Spatial changes in suitable habitat for Z. japonica under future climate scenarios (A)
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Spatial changes in suitable habitat under RCP2.6, RCP4.5, RCP6.0, and RCPS.5 in the 2050s. (B) Spatial

changes in suitable habitat under the same climate scenarios in the 2100s.
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Figure 5. Potential suitable and unsuitable areas for Z. japonica restoration in the 2100s under the
progressive restoration framework (A) Projected suitable and unsuitable areas under RCP2.6. (B)
Projected suitable and unsuitable areas under RCP4.5. (C) Projected suitable and unsuitable areas under
RCP6.0. (D) Projected suitable and unsuitable areas under RCP8.5.

With what methods to restore: selecting restoration approaches according to local
conditions

Integrating genetic diversity, remote sensing observations, exposure to sea-level change, and
MaxEnt projections revealed marked spatial variation in the status of Z. japonica beds along
the Chinese coast. Populations in the Bohai Sea and Yellow Sea generally experienced lower
levels of bed degradation and were associated with the largest continuous areas projected to
remain suitable under current and future environmental conditions. In contrast, populations in
the South China Sea showed greater bed degradation and were associated with relatively limited
areas of persistent future suitability.

Genetic diversity and projected environmental suitability did not show the same spatial pattern.
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Southern populations generally exhibited higher allelic richness and heterozygosity than
northern populations, whereas the largest areas of projected future habitat suitability occurred
in northern China. This spatial mismatch indicates that restoration planning should consider
both the conservation value of genetically diverse populations and the long-term environmental
suitability of candidate restoration sites.

Two principal active restoration approaches are used for Z. japonica along the Chinese coast:
seed-based restoration and shoot transplantation, which may be applied separately or in
combination with conservation-oriented management. We developed a rule-based regional
recommendation framework primarily based on bed degradation and genetic diversity. For
highly degraded populations with high genetic diversity, the framework prioritizes the use of
local seeds and small-scale in situ transplantation while avoiding their use as major donor
sources. For highly degraded populations with low genetic diversity, transplantation using
material from genetically diverse donor populations is recommended, with supplementary use
of local seeds where appropriate. For populations with relatively limited bed decline but low
genetic diversity, local seed use, restricted donor supplementation, small-scale transplantation,
and conservation-oriented management are recommended in combination. The resulting
regional recommendations are summarized in Table S5. Final restoration decisions should
additionally account for donor-material availability, local bed extent, potential impacts on
donor beds, environmental compatibility, and the ecological and genetic risks associated with
transferring material among differentiated populations.

Regional variation and environmental drivers of Z. japonica carbon stocks

Carbon stocks in Z. japonica beds varied considerably among the surveyed regions in China
(Table S6). The highest total carbon stock values were recorded at DC, MD, TZ, and HL in the
Bohai Sea region, whereas comparatively low values were recorded at HP in the South China
Sea and QD in the Yellow Sea.

To examine the direct and indirect associations between environmental variables and different
carbon pools, we fitted separate structural equation models for aboveground, belowground, and
sediment carbon stocks using site-level mean values of the standardized variables. The three
models showed acceptable overall fit, with comparative fit index and goodness-of-fit index

values above 0.90 and standardized root mean square residual values below 0.07 (Figure 6).
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For aboveground carbon stock, sea surface temperature was negatively associated with
seawater dissolved oxygen and sediment pH, with standardized path coefficients of —0.74 and
—0.47, respectively. In turn, dissolved oxygen and sediment pH showed positive direct
associations with aboveground carbon stock, with standardized path coefficients of 0.46 and
0.70, respectively. These pathways indicate that the association between sea surface
temperature and aboveground carbon stock was primarily indirect.

For belowground carbon stock, sediment-related variables showed comparatively stronger
direct associations. Sediment pH had a positive path coefficient of 0.69, whereas sediment
sulfides and sediment nitrogen showed positive but nonsignificant path coefficients of 0.25 and
0.23, respectively. For sediment carbon stock, sediment pH showed the strongest positive direct
association, with a standardized path coefficient of 0.73.-Sea surface temperature was
negatively associated with sediment pH, indicating a potential indirect pathway linking
temperature to sediment carbon stock.

Together, the models indicate that the three carbon pools were associated with partly distinct
environmental pathways. Aboveground carbon stock was more closely related to seawater
physicochemical conditions, whereas belowground carbon stock was more strongly associated
with sediment properties. The sediment carbon stock model contained several nonsignificant
pathways, suggesting that additional unmeasured factors may contribute to spatial variation in
sediment carbon . accumulation. These results highlight the compartment-specific

environmental associations of carbon storage in Z. japonica beds.
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Figure 6. Structural equation models showing the environmental factors associated with carbon
stocks in Z. japonica beds (A) Aboveground carbon stock, (B) belowground carbon stock, and (C)
sediment carbon stock. Numbers adjacent to arrows indicate standardized path coefficients. Pink and
blue arrows indicate positive and negative associations, respectively. Solid arrows indicate statistically
significant paths, whereas dashed arrows indicate nonsignificant paths. Asterisks indicate the statistical
significance of individual paths. R?indicates the proportion of variance in each carbon stock component

explained by the model. Model fit indices are shown below each panel.
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Technology roadmap for strategic restoration and carbon stock assessment of Zostera japonica meadows.
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Figure 7. Technology roadmap for the strategic restoration of Z. japonica beds based on spatial
modelling and carbon stock assessment The workflow integrates field data collection, remote sensing
mapping, MaxEnt habitat suitability modelling, carbon stock assessment, and strategic restoration
planning. Google Earth Engine, ArcGIS, Java based MaxEnt, and R were used for image processing,
spatial mapping, habitat suitability prediction, and statistical analyses, respectively. Field derived carbon

stock data were further used to support restoration planning and estimate the potential long term carbon

benefits of future bed restoration.
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DISCUSSION

The restoration of Z. japonica beds has the potential to enhance coastal carbon storage and
contribute to China’s carbon neutrality goals. By integrating habitat suitability modelling,
remote sensing, field surveys, genetic information, and carbon stock assessments, this study
provides a spatially explicit framework for determining where, when, and how restoration could
be implemented along the Chinese coast.

We combined MaxEnt habitat suitability modelling with multitemporal remote sensing to
identify potential priority areas for Z. japonica restoration. Under current and future climate
scenarios, the Bohai Sea and Yellow Sea contained extensive areas of predicted suitable habitat,
largely associated with favourable temperature, salinity, and hydrodynamic conditions. MaxEnt
is widely used for species distribution modelling with presence=only data, and has been applied
in marine species distribution and coastal habitat assessments,**¥ including the identification
of conservation and restoration priorities for seagrass ecosystems.?* Nevertheless, predicted
suitability represents the environmental potential for species occurrence rather than direct
evidence of restoration success. Local substrate conditions, water quality, hydrodynamics,
disturbance history, and propagule availability should therefore be evaluated before restoration
is implemented.

Our temporal framework prioritizes areas predicted to remain suitable under current conditions
and through the 2050s and 2100s as relatively stable core zones for restoration. Areas that are
currently suitable but projected to become unsuitable should receive immediate conservation
attention and may be appropriate only for short- to medium-term restoration where future risks
can be managed. In contrast, areas projected to become suitable mainly by the 2100s should be
regarded as potential adaptive reserves rather than immediate planting targets. This phased
approach links present restoration opportunities with long-term environmental change and is
consistent with restoration principles emphasizing appropriate timing, site selection, restoration
scale, and adaptive management.'3:19-22.63

Drawing on the literature synthesis and population genomic data, we developed a rule-based
framework for selecting restoration methods according to bed degradation and genetic
diversity'>. Southern populations exhibited higher genetic diversity than northern populations,

whereas northern China contained a larger extent of habitat projected to remain suitable under
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future conditions. This spatial mismatch highlights the importance of considering both
environmental suitability and evolutionary information in restoration planning. Southern
populations represent important genetic resources and may provide candidate donor material
for future assisted gene flow, but only after careful assessment of local adaptation, donor-bed
impacts, genetic compatibility, and ecological risk. Northern regions, by contrast, provide
extensive potential restoration space but may require greater attention to the conservation of
locally adapted genetic resources. More generally, spatial differences between genetic diversity,
population connectivity, and projected environmental suitability may arise from historical
demographic processes, ocean-current-mediated dispersal, and climate-driven shifts in suitable
habitat.%-68-70

This mismatch further highlights the importance of integrating evolutionary information with
environmental projections. High-diversity southern populations represent valuable genetic
resources that should be prioritized for conservation, because genetic variation can influence
ecosystem resistance, recovery capacity, and long-term population persistence.®>77° These
populations may also inform future assisted gene flow, but the transfer of restoration material
should proceed only after careful evaluation of local adaptation, donor availability, genetic
compatibility, donor-population impacts, and ecological risk.”"? In contrast, northern regions
provide extensive predicted suitable habitat for restoration. The framework distinguishes
among seed-based restoration, shoot transplantation, combined approaches, and protection or
natural recovery. Seed-based restoration may be appropriate where bed structure remains partly
intact and suitable seed sources are available, provided that seeds are collected from
environmentally compatible donor populations and impacts on donor beds are minimized®*72.
Shoot transplantation may accelerate structural recovery in severely degraded beds when
suitable donor material is available and disturbance pressures have been reduced.'>6373 A
combined approach may be appropriate where both genetic diversity and bed area have declined
substantially, although the relative contribution of seeds and transplanted shoots should be
adjusted according to site conditions and donor-material availability.®>7®> Where genetic
diversity remains high and area reduction is limited, protection, natural recovery, and continued

monitoring should generally be prioritized.!>16:64

https://mc03.manuscriptcentral.com/innovation-geo



oNOYTULT D WN =

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

The Innovation Geoscience

These recommendations should be treated as initial management options rather than fixed
prescriptions because restoration outcomes also depend on sediment conditions,
hydrodynamics, water quality, donor availability, restoration scale, and the causes of
degradation. This approach aligns with restoration frameworks developed for seagrass and
other coastal ecosystems, which emphasize context-dependent restoration based on
environmental and biological conditions.!>%373 Previous studies have shown that restoration
outcomes can be improved when methods are tailored to site conditions, including local
environmental quality, historical population trends, restoration scale, and genetic
variation.?!626372 Integrating these factors allows restoration planning to identify appropriate
interventions and overcome limitations associated with reliance on a single method. Future
work will benefit from combining genomic data with assessments of future vulnerability.
Genome-level approaches can identify candidate adaptive genetic variation and improve the
evaluation of population responses to environmental stress.>7? Integrating these approaches
will improve the scientific basis of restoration planning and support the development of long-
term strategies for Z. japonica conservation and recovery along the Chinese coast.

Carbon stocks in Z. japonica beds varied substantially among regions, with the highest values
recorded at several sites in the Bohai Sea. Structural equation modelling was used to examine
the environmental variables associated with these carbon stocks and indicated that different
carbon pools were related to partly distinct environmental pathways. Aboveground carbon
stock was associated with both water-column conditions and hydrodynamic variables, whereas
belowground carbon stock was more closely associated with sediment physicochemical
properties. Temperature may influence carbon stocks indirectly by altering oxygen availability
and sediment chemical conditions, whereas hydrodynamic conditions may affect sediment
stability, particle deposition, and organic matter retention’®’5. However, the relatively high
proportion of nonsignificant pathways in the sediment carbon model also suggests that
additional factors, such as sediment grain size, sedimentation rate, organic matter sources, and
historical carbon deposition, may contribute to sediment carbon accumulation’. Understanding
these factors is important for developing restoration and management strategies that enhance
coastal carbon storage and contribute to broader carbon-neutrality objectives'3!77.78,

Consistent with studies of mangrove carbon stocks, our results also emphasize the importance
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of sediment conditions and temperature-related environmental processes in regulating coastal
blue carbon storage.’® However, the carbon benefits of restoration cannot be inferred from bed
area alone. The projected suitable habitat represents a potential restoration opportunity space
rather than a direct estimate of realized restoration area, and the associated carbon estimate
represents potential carbon stock under the stated assumptions rather than guaranteed additional
sequestration. Site-specific measurements of sediment properties, carbon stocks, and carbon
accumulation rates will therefore be required to evaluate the realized carbon benefits of Z.
Jjaponica restoration.

Beyond carbon storage, restored seagrass beds can support biodiversity, improve water quality,
stabilize sediments, and increase coastal resilience.®’”?% These co-benefits strengthen the
rationale for incorporating seagrass restoration into broader coastal management and climate-
mitigation strategies. Experiences from large-scale restoration programmes indicate that
restoration success is improved by integrating spatial planning, context-specific method
selection, appropriate restoration scale, and long-term monitoring.'>%* Our framework extends
these principles by linking habitat suitability, future environmental change, genetic information,
restoration methods, and potential carbon benefits within a unified planning framework (Figure
7). However, field validation remains essential for translating projected habitat suitability and
potential carbon benefits into successful restoration and long-term bed persistence.
Conclusion

The strategic restoration of Z. japonica beds offers a promising pathway for enhancing coastal
carbon storage and supporting China’s carbon neutrality goals. By integrating spatial modelling,
field observations, genetic information, and carbon stock assessments, this study provides a
practical framework for identifying priority restoration areas, selecting appropriate restoration
methods, and evaluating potential ecological and carbon benefits. The framework emphasizes
the importance of matching restoration timing and methods to local environmental conditions
and population characteristics. Although our surveys covered most of the known distribution
regions of Z. japonica in China, baseline information remains incomplete. Expanding long-
term seagrass monitoring and carbon stock datasets will enable more robust assessments of
restoration feasibility and the ecological and carbon benefits of seagrass beds.
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