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the Northern Chinese Seas
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Liming Liu3, Chao Huang1, Kexin Chen1 and Wenhao Hou1

1State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology,
Dalian, China, 2National Marine Environmental Monitoring Center, Dalian, China, 3Dalian Huaxin
Physical and Chemical Analysis Center CO LTD, Dalian, China
Seagrass plays an important role in global coastal ecosystems but is among the

least conserved marine ecosystems. The Northern Chinese Seas have abundant

seagrasses. However, the limited information on their distribution and habitat

suitability has hindered seagrass conservation and restoration in this area. The

maximum entropy (MaxEnt) model was developed to study the distribution and

habitat suitability of seagrasses. First, the model was developed using seagrass

occurrence points and environmental variables data. The predictions were

visualized using ArcGIS to create a map of potential seagrass distribution. Next,

the Jackknife analysis tool and contribution rate were used to identify and

quantify the dominant environmental variables. The predictions were analyzed

to quantify the suitable range of the dominant environmental variables and

determine the conditions for seagrass habitat suitability in the study area.

Finally, the predictions were re-analyzed. By coupling the previous predictions

and re-analysis results, the areas and suggestions for seagrass conservation and

restoration were identified and recommended. The results indicated the

predictions of the model were highly reliable, with a total potential seagrasses

distribution area was 3,296.47 km2 in the study area. The distance from the shore,

transparency, substrate type, SST, and nitrate concentration were identified as

the dominant environmental variables. Seagrasses habitat suitability was high in

study area when the distance from the shore was < 210 m, the SST was around

11 ~ 25°C, the substrate type was sandy with high mud content, the substrate

particle size was around 35 ~ 330 µm, the transparency was around 0.7 ~ 1.5 m,

and the nitrate concentration was< 6.4 mol·m-3. This was the first study in which

seagrasses were investigated and predicted in the Northern Chinese Seas, and

their potential distribution and suitable habitat conditions were assessed. Our

work will not only provide fundamental information for coastal seagrass

ecosystem management, but also serve as a method to support the

conservation and restoration of seagrasses.
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1 Introduction

Seagrasses are flowering plants that have adapted to aquatic

settings (Unsworth et al., 2019). They are widely distributed along

temperate and tropical coastlines. They not only provide nursery

and foraging grounds for marine species (Unsworth et al., 2019) but

also participate in carbon capture and storage (Mazarrasa et al.,

2018). However, seagrass and its ecosystem services are under the

threat of increasing natural (extreme climate) and human pressure

(Figure 1). This makes the complete habitat of seagrass cut and

dispersed into small patches. Large-scale losses in seagrasses

occurred around the world during the past decade. Since 1990,

the rate of decline in seagrass areas has increased to 7% annually

(Waycott et al., 2009).

Under the concept of blue carbon, several researchers have also

found that seagrasses help stabilize our climate by storing and

sequestering carbon in the sediment (Duarte et al., 2013). Thus,

seagrasses need to be conserved. Only 26% of all recorded seagrass

fall within Marine Protected Areas (MPAs), which is lower

compared to coral reefs (40%) and mangroves (43%) in MPAs

(UN Envirionment Programme, 2020); the percentage of seagrass

within protected areas in China is even lower. Seagrasses

distribution and habitat suitability are expected to receive greater

attention in the future, considering that seagrass management is a

Nature-based Solution (NbS) to climate change and can contribute

to the ‘30·60’ goal of China (Garmendia et al., 2023).

Seagrass in China is primarily distributed in the Southern

Chinese Seas and the Northern Chinese Seas. The abundance and
Frontiers in Marine Science 02
diversity of seagrass species is higher in the Southern Chinese Seas

than in the Northern Chinese Seas (Hu et al., 2021). Green and

Short (2003) published a global synthesis report on seagrass

distribution and status in the “World Atlas of Seagrass”, which

showed the distribution and diversity of seagrass around the globe.

UNEP-WCMC, Short, F.T (2018) updated the global distribution

dataset of seagrass. However, information on the occurrence of

seagrass in the Northern Chinese Seas is inadequate. Seagrass in

China is mostly distributed in the low intertidal zone and subtidal

zone at a depth of approximately 4 m (Xiao et al., 2020). These areas

are difficult to reach on foot or by boat, which makes seagrass data

collection costly and inefficient. Although surveys on seagrass in

China started in the 1980s, most of them mainly focused on specific

bays, and thus, the information collected on seagrass distribution

and habitat suitability was limited.

Determining the distribution and habitat suitability of seagrass

can enhance our understanding of its resources and help in

formulating strategies for conserving and restoring seagrass.

Researchers around the world have mainly focused on the species,

diversity, and biomass of seagrass (McHenry et al., 2023; Prihadi

et al., 2023; Yang et al., 2023). Seagrass conservation has been

ignored due to limited information on its distribution and habitat

suitability. Due to a lack of conservation, seagrass in China has

decreased considerably and is now found in small patches scattered

along the coast (Xu et al., 2022).

Species distribution models (SDMs) are commonly used to

study species distribution and habitat suitability, especially of

species that are difficult to monitor. This approach associates
FIGURE 1

Humal pressure on seagrasses habitats (A) algae attachment, (B) snail dredging, (C) ship docking, and (D) fishery aquaculture (All the figures were
taken by field investigation).
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species distribution and the environment to predict the likelihood

of existing in a specific area while analyzing the underlying

environmental drivers of their geographic distribution. The

application of SDMs in marine ecosystems has increased

significantly (Melo-Merino et al., 2020). The maximum entropy

(MaxEnt) model is a type of SDM that has been widely used in

recent decades. Jayathilake and Costello (2018) used the MaxEnt

model to predict the global distribution of seagrass. However, this

model allows researchers to predict seagrass distribution only at a

small scale.

In this study, we investigated the Northern Chinese Seas and

developed a MaxEnt model to predict potential seagrass

distribution and habitat suitability. The areas of distribution and

suggestions for seagrass conservation and restoration were

determined after re-analyzing the predictions. The aims of this

study were as follows: (i) to test the reliability of the MaxEnt model

in predicting potential seagrass distribution and habitat suitability;

(ii) map the potential distribution of seagrass in the study area; (iii)

identify the dominant variables and quantify the suitable habitat

conditions of seagrass in the study area; (iv) identify areas and

provide suggestions for the conservation and restoration of seagrass

in the study area.
2 Materials and methods

2.1 Study area

The study area included the Bohai Sea and part of the Yellow

Sea, which covered the north coast of mainland China, including

the Liaoning province, Hebei province, and most of the Shandong

province, as well as, Tianjin municipality (Figure 2). The study area

was within 35.8°N to 41.1°N and 117.6°E to 123.2°E. The southern
Frontiers in Marine Science 03
boundary of the study area was located south of Qingdao City, and

the eastern boundary was set as the eastern part of Zhuanghe City.

The total area of the study site was 133,099.8 km2. Three seagrasses

genera and nine seagrasses species identified in this area, with Z.

marina and Z. japonica are two dominant species.
2.2 Research flowchart

The flowchart of this study is shown in Figure 2. First, the

MaxEnt model was applied using seagrass occurrence points and

environmental variables. The reliability of the model and

predictions were evaluated using the AUC value and field

investigation results. Next, the predictions of seagrass distribution

and habitat suitability were analyzed. Finally, the predictions were

re-analyzed to identify areas and suggestions for seagrass

conservation and restoration.
2.3 SDM modeling

2.3.1 MaxEnt modeling
We developed a MaxEnt model to simulate potential seagrass

distribution and habitat suitability. When assessing the potential

distribution, seagrass and its living environment were considered to

be a living system. By calculating the state parameters when the

system reached the maximum entropy, the relatively stable

relationship between the seagrass and the environment was

determined. This information was used to speculate the

distribution of seagrass.

We selected 75% of the seagrass distribution data to train the

model, whereas the remaining 25% of the data were used to test the

model. The suggested default settings of convergence threshold (10
FIGURE 2

Research flowchart.
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– 5), maximum iterations (500), and maximum background points

(10,000) were bootstrap resampled 10 times, with the average being

the final prediction.

The predictions were plotted as a grid map at a resolution of 1

km. The value of each grid cell represented the distribution

probability, ranging from 0 to 1. Larger values indicated a higher

likelihood of species presence. We extracted the predicted

probability values for each seagrass occurrence point and

considered the lowest value to be the lowest occurrence threshold.

Areas below this value were classified as areas without seagrass.

2.3.2 Seagrass occurrence data
The MaxEnt model used seagrasses occurrence data to make

predictions. All seagrass species in the study area should be

considered to map the distribution of Northern Chinese Seas

seagrass. Since information on the distribution of seagrasses is

relatively limited in the Northern Chinese Seas, there was little

public data for our study area (Xiao et al., 2020). Additionally, due

to the significant variation in water quality along the near-shore

areas of mainland China, extracting information on seagrasses

distribution from remote sensing data is challenging (Esteban

et al., 2018). We generated a dataset from several sources,

including field sampling data, unpublished personal observations,

published data, and the literature reviewed. Field sampling data

were conducted between 2019 and 2023, mainly covering the

Liaoning, Hebei and Shandong provinces. After collecting

occurrence records, we identified the dominant seagrass species in

study area: Z. marina and Z. japonica. All occurrences of seagrass

species were recorded, forming a comprehensive database of

seagrass records in the Northern Chinese Seas. A total of 95

seagrass occurrence points were recorded for all seagrasses species
Frontiers in Marine Science 04
in study area. Around these occurrence points, a 1 km buffer zone

was established that had environmental conditions similar to those

of the occurrence points and could be suitable for seagrasses. The

occurrence information included the seagrasses type, latitude, and

longitude. The data were screened using the tool “Spatially Rarefy

Occurrence Data” to ensure that the occurrence data were spatially

independent and to avoid over-fitting towards environmental

biases, after which the data were extracted as model input.

2.3.3 Environmental data
A range of environmental data was used to estimate the current

distribution of seagrasses in the study area. Based on the

information from published studies (Orth et al., 2000; Lee et al.,

2007; Waycott et al., 2009; Sweatman et al., 2017), we selected the

environmental variables which have been related to the seagrass

distribution and physiological processes include light, substrate

type, depth, temperature and salinity (Table 1). Water quality

variables such as PH, chlorophyll(C), suspended solids,

transparency, dissolved oxygen(D.o), phosphorous(P) and

nitrogen(N) concentrations are strongly correlated with seagrass

distribution. It affects the uptake of nutrients from seawater and

sediment interstitials by seagrasses roots, rhizomes, leaves, and

other tissues (Wang et al., 2016). Water velocity can assist the

diffusion of nitrogen and is beneficial to the growth of seagrass.

When the velocity is too large, the seagrass distribution could be

affected due to the possible change of substrate type (Prihadi et al.,

2023; Yang et al., 2023). Therefore, environmental variables,

directly or indirectly affecting seagrass growth and distribution

were selected and classified into water quality, substrate type,

topography, sea surface temperature (SST), sea surface salinity

(SSS), light and velocity (Table 1).
TABLE 1 The list of environmental variables.

Data type Variable Lt.max Lt.min Max Min Mean Range

Topography Distance from shore - - - - - -

Elevation - - - - - -

Compound topographic Index (CTI) - - - - - -

Water
quality

PH - - - - - -

Nitrate (N) + + + + + +

Phosphate (P) + + + + + +

Dissolved. Oxygen (D.o) + + + + + +

Chlorophyll (C) - - - - + -

Suspended solids - - - - - -

Transparency Transparency - - - - - -

Substrate type Substrate type - - - - - -

Velocity Currents velocity (V) - - + + + +

Light Photosynt.Avail.Radiation (P.A.R) - - - - + -

Temperature Sea surface temperature (SST) - - + + + +

Salinity Sea surface Salinity (SSS) - - + + + +
* Lt. for an average of the minimum and maximum records per year (e.g., the temperature of the warmest month, on average). *+means there is this variable; -means there is no such variable.
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This paper focuses on the impact of environmental variables on the

seagrass potential distribution and suitable habitat. The primary

sources of these data were nautical charts, ArcGIS software

calculations, and a variety of remote sensing databases. The elevation

data with a resolution of 500 m were obtained from the General

Bathymetric Chart of the Oceans (GEBCO, http://www.gebco.net/) and

were transformed into the Compound topographic Index (CTI) using

the ArcGIS. Annual average Nitrate (N), Phosphate (P), Dissolved

oxygen (D.o), Chlorophyll (C), Photosynt. Avail. Radiation (P.A.R),

Sea Surface Salinity (SSS) and current velocity (V) were obtained from

Bio-ORACLE (https://www.bio-oracle.org/), with the period is present.

Raster data on Sea Surface Temperature (SST) was obtained from the

NASAOceanColor level-3 products (https://oceancolor.gsfc.nasa.gov/),

with time is 2020 at a spatial resolution of 4 km. Substrate type data was

extracted from the 2018 AHO S57 map. Transparency and suspended

solids data were obtained from the National Marine Data Center

(https://mds.nmdis.org.cn/), with time is 2020 at a spatial maximum

resolution of 500m. Distance from shore data was obtained from

Global Fishing Watch (https://globalfishingwatch.org), with the last

update was 2020 at a spatial resolution of 1 km.

The variables were unified into the same area scope. The

topography data have the highest resolution of 500 m, whereas the

other environmental data have a lower resolution of 4 ~ 9 km. To

handle the lower-resolution data, we first used the Filter tool in
Frontiers in Marine Science 05
ArcGIS 10.8 to fill in NoData holes at the coastline. Then, Kriging

interpolation was used to downscale the data resolution to 1 km. For

high-resolution data, the same interpolation has a 1km resolution. To

eliminate collinearity between environmental variables and to remove

redundant information, a Pearson correlation analysis (Figure 3) of

environmental factors was performed. First, using ArcGIS 10.8 to

extract environmental variables value to each seagrass occurrence

point. Additionally, we classified environmental variables into four

categories: temperature, salinity, velocity and water quality. Variables

were assessed for intra-group correlation according to categories

separately. Threshold-based (r = 0.8) variable selection analysis

(Pearson rank correlation coefficients) was performed (Figure 4).

Strongly correlated variables were calculated and removed from the

calibration process. (Lemke et al., 2011). Consequently, the less

influential variables are eliminated, and the remaining ones

(Table 2) are used for the final simulation.
2.4 Evaluation of model and predictions

2.4.1 Model evaluation
The predictive performance and accuracy of the MaxEnt model

were evaluated according to the AUC value (area under the curve).

When the AUC value exceeded 0.75, the model was considered to
FIGURE 3

The study area and seagrasses occurrence points.
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be usable. A higher AUC value indicates better model performance

(Araújo and Peterson, 2012). The evaluation standard for AUC is

shown in Table 3.

2.4.2 Evaluation of predictions
The results obtained from field investigations were used to

evaluate the predictions. The actual seagrass distribution is

influenced by local human activities and is different from the

predictions. We proposed two indices, i.e., the seagrasses

distribution index (Di) and the overlap index (Oi), to evaluate the

reliability of the predictions based on the distribution area and

range of seagrass. A composite evaluation index (Ci) was calculated

by assigning weights to two indices based on expert opinions.

The index was calculated using the following method. First, the

actual distribution of seagrasses was determined through field

investigations. The mean probability (�p) of this area was extracted

based on predictions. Next, the boundary line of the actual distribution
TABLE 2 The environmental variables used in modeling.

Data
type

Variable Unit Source

Topography

Distance
from shore

— globalfishingwatch.org

Elevation m ETOPO1 data from NOAA

CTI —
A function calculated in
ArcGIS 10.8

Water
quality

PH — Bio-ORACLE

N.min/mean

mol·m-3 Bio-ORACLE
P.min/mean

D.o.min/mean

C.mean

Suspended
solids

mg/L National Marine Data Center

Transparency Transparency m National Marine Data Center

Substrate
type

Substrate type — 2018 AHO S57 map

Velocity V.max/mean m.s-1

Bio-ORACLE
Light P.A.R.mean

E.m-
2.day-1

Temperature
SST.mean/
max/min

°C
NASA MODIS-Aqua
L3 products

Sanity
SSS.mean/
min/range

PSS Bio-ORACLE
TABLE 3 The evaluation standard for AUC (Swets, 1988).

AUC value range Evaluation

< 0.5 Terrible

0.5–0.6 Bad

0.6–0.7 Average

0.7–0.8 Good

0.8–0.9 Very good

0.9–1.0 Excellent
FIGURE 4

Correlation analysis of environmental variables [(A). sea surface temperature, (B) sea surface salinity, (C) velocity, and (D) water quality].
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of seagrasses was extended outward by 1 n mile to obtain a region that

included the actual distribution and its extension. The area of each grid

in the actual distribution and combination was denoted as Am and Ap,

respectively. The area of actual distribution was denoted as Af. The

equations used for calculating the variables are as follows:

Di =
on

j=  1Am,j � p*j
Af ,i

Oi =
on

j=  1Ap,j � p*i
Af ,i

Ci =   0:3Di + 0:7Oi

Here, p*j indicates the standardized value of grid j, and pj
indicates the actual value of grid j. When pj > �p, p*j = 1; when pj >
�p, p*j = 1.
2.5 Re-analysis of predictions

During the field investigation in August 2023, we observed

seagrass distribution at a small scale in Panjin, Liaoning province

(Figure 5). However, our predictions (Section 3.2) did not indicate

the occurrence of seagrass in this region. This proves that our

predictions is not accurate at a small regional scale which could

hinder the conservation and restoration of seagrass.

To obtain the areas of seagrass conservation and restoration more

comprehensively, the predictions were re-analyzed. We considered

the distribution probability of the predictions to be the seagrass

habitat suitability index (HSI) and obtained a larger potential seagrass

distribution area by using a lower HSI value of seagrass in Panjin

investigation as the minimum value of seagrass occurrence.

To prioritize areas of seagrass conservation and restoration, we

proposed a conceptual two-dimensional framework (Figure 6) using

previous predictions and re-analysis results. The framework was

divided using three straight lines: y  = x, y = 1
2 x, and y  = 1

4 x. These
Frontiers in Marine Science 07
lines represented the boundaries between the previously predicted

seagrass distribution and the re-analyzed distribution area, with

proportions of 100%, 50%, and 25%, respectively. Seagrass habitat

suitability is high in areas where both areas of seagrass are large.

These areas are suitable for seagrass growth. Greater protection and

reasonable control of human pressure are necessary for conservation

programs to be successful. We define these areas as seagrass

conservation areas. When the prediction was smaller than the re-

analyzed distribution area, the area was considered to have significant

potential. Due to inadequate protection and other factors, certain

areas experience degradation or fragmentation, leading to the

distribution of seagrass in a smaller area. Site-specific conservation

and restoration measures need to be implemented simultaneously to

promote the recovery of seagrass areas. We define these areas as

seagrass conservation and restoration areas. When the predicted area

was larger than the re-analyzed distribution area, it indicated that the

human pressure was higher in this area. Achieving natural restoration

only by controlling external pressure is difficult. Thus, artificial

transplantation or replanting is required for effective restoration.

We define these areas as seagrass restoration areas.
3 Results

3.1 Performance of the model
and predictions

3.1.1 Model performance
The AUC value for the MaxEnt model was 0.963 (AUC values

between 0.9 and 1.0 indicate excellent model performance), which

was higher than the random prediction value of 0.5 (Figure 7). The

value indicated that the MaxEnt model was highly reliable at

simulating potential seagrass distribution and habitat suitability.

3.1.2 Predictions performance
We focused on typical seagrass distribution areas in Liaoning,

Hebei, and Shandong provinces. Field investigations of seagrass
FIGURE 5

Seagrass investigation in Panjin.
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were conducted at Juehua Island, Caofeidian, and the Yellow River

estuary (Figure 8). The Ci (mentioned earlier) was used to assess the

performance of the predictions. The results are shown in

Table 4 below.

The results strongly agreed with the distribution areas of

seagrass field investigations in terms of area and range. This

suggested that the predictions were highly reliable.
3.2 Seagrass distribution

The prediction is the average of the results after 10 model runs.

It was plotted as a grid map at a resolution of 1 km. The value of

each grid cell represented the distribution probability, ranging from

0 to 1. Larger values indicated a higher likelihood of seagrass

presence. We extracted the predicted probability values for each

seagrass occurrence point and regarded the lowest value as the

lowest occurrence threshold. Areas below this value were classified

as areas without seagrass. The lowest presence threshold used to

produce the binary maps was 0.36. The potential seagrass

distribution area predicted by the model was 3,296.47 km2 in the

study area (Figure 9), which spread across Shandong, Hebei, and

Liaoning provinces. Compared to other areas, the distribution area

of seagrass in Shandong is the largest, accounting for about 45.8% of

the total area, followed by Liaoning (38.6%) and Hebei (15.6%).

The model predicted areas as suitable seagrass habitats, both in

areas of known seagrass locations and in areas with similar
Frontiers in Marine Science 08
environmental details. Our predictions showed that seagrass in

Liaoning Province is primarily found around the Changshan

archipelago and Juehua Island. These islands are surrounded by

the sea and have similar conditions for growing seagrass. The

seagrass in Hebei Province was primarily found near Long Island

in Caofeidian. This area has approximately 40 km2 of shallow water

below –3 m and provides a suitable environment for seagrass

growth. A suitable area for seagrass was found near the Yellow

River estuary in Shandong Province, and seagrass habitats were

almost continuously distributed from Laizhou Bay to Sangou Bay.

The habitat suitability of seagrass changed in a “W” shape along

the latitude and longitude gradient. That is, with the increase of latitude

and longitude, the habitat suitability of seagrass first increased then

decreased, and finally increased. The habitat suitability was high

between 39°N and 40°N, as well as 122°E and 123°E (Figure 10A).

The percentage of different suitability values in the study area is shown

in Figure 10B. Few areas had a high HSI, which indicated that the range

of suitable habitats within the potential distribution area was small, and

seagrasses degradation might occur in most areas.
3.3 Dominant environmental variables and
habitat suitability

3.3.1 Dominant environmental variables
The Jackknife analysis tool inMaxEnt was used to assess the effect

of each environmental variable on seagrass distribution. The results
FIGURE 6

Conceptual two-dimensional framework.
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are shown in Figure 11A, and the contribution rate of each variable to

the predictions is quantitatively presented in Figure 11B. The model

can be used to directly evaluate the rate of contribution of different

environmental variables to the potential seagrasdistribution and

determine the dominant environmental factors.

The results showed that the distance from the shore,

transparency, substrate type, SST, and nitrate concentration were

the dominant environmental variables in the study area. These

variables were important for determining the habitat suitability of

seagrass in the study area.
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3.3.2 Seagrass habitat suitability
The MaxEnt model was used to predict potential seagrass

distribution and habitat suitability. We used the average value

obtained from 10 repeated runs as a prediction. The prediction

was categorized into five types using the “Jenks” tool in ArcGIS

10.8: best, high, medium, low, and not suitable habitat. The best,

high and medium suitable habitats are considered to be suitable

conditions for seagrass growth. According to the calculation results,

the value of 0.5 for HSI serves as a cut-off to determine whether a

habitat is suitable or unsuitable. HSI curves of dominant variables as
FIGURE 8

Field investigations, predictions (01. Juehua Island, 02. Caofeidian, and 03. Yellow River estuary), and (A–D) records of field investigations.
FIGURE 7

ROC curves and AUC averages for MaxEnt with 10 repeated runs.
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shown in Figure 12. The best suitable ranges of the main variables

were the distance from shore was < 210 m, the SST was around 11 ~

25°C, the substrate type was sandy with high mud content, the

substrate particle size was around 35 ~ 330 μm, the transparency

was around 0.7–1.5 m, and the nitrate concentration was < 6.4

mol·m–3. These conditions were identified as suitable parameters

for determining seagrass habitat in the study area. The available
A B

FIGURE 10

The distribution of HSI. (A) Distribution map of HSI in space. (B) Statistical chart of different values of HSI.
FIGURE 9

The seagrass distribution areas as predicted by the model.
TABLE 4 The list of calculated indices.

Area Di Oi Ii

01 0.773 0.927 0.8808

02 0.703 0.738 0.7275

03 0.532 0.863 0.7637
frontiersin.org

https://doi.org/10.3389/fmars.2023.1297137
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2023.1297137
sources and field investigation also indicated that the predictions

were reliable. Lee et al. (2007) showed that the optimum

temperature for seagrass growth in temperate regions is 11.5 ~

26°C. Our field investigations also indicated that the results

were reliable.
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3.4 Areas for seagrass conservation
and restoration

To identify suitable areas for seagrass conservation and

restoration, we plotted the re-analysis results with the previous
A B

FIGURE 11

(A) Jackknife Inspection Chart; (B) the contribution of environmental variables to the prediction.
A B

DC

FIGURE 12

HSI curves for dominant environmental variables; (A) Nitrate, (B) Distance from shore, (C) Transparency, and (D) Sea surface temperature.
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predictions based on the coupling framework mentioned in Section

2.5. The result is shown in Figure 13.

The results indicated the presence of large seagrass distribution

areas with low HSI values in the northern part of Shandong Province

from 36.85°N to 37.84°N, as well as, near theMiaodao Archipelago and

the Yellow River Estuary. Our results suggested that seagrass should be

conserved and restored in certain areas, such as around the Miaodao

Islands. In Hebei Province, we recommend providing seagrasses

protection and conducting restoration in the sub-region near

Caofeidian. Seagrasses distribution areas might be present around

the Changshan Archipelago and the Juehua Island in Liaoning

Province and along the coast of Dalian City. Different areas of

Liaoning Province should be conserved and restored, and some areas

in the west of Dalian should be restored after further field investigation.
4 Discussion

4.1 Limitations of the model
and predictions

The seagrass distribution was compared with published global

seagrass distribution. The predicted area of the distribution of seagrass

was less consistent in some areas. This might be attributed to the
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inaccurate recording of seagrass locations or inadequate resolution of

environmental variables in the modeling process. Since the seagrass

locations were primarily collected through field investigations and by

searching databases, it was challenging to verify the authenticity of

each data point. Additionally, excessive extrapolation of the model

probably also led to inaccurate predictions.

We used 1-km resolution data for the environmental variables to

map the distribution of seagrass in the study area. However, the model

could not fully consider seagrasses habitat occupancy or degradation.

For example, the models that we established used predictors with a

resolution of ≥ 1 km, and thus, they probably could not capture small-

scale heterogeneity within 1 km2. This conclusion matched the

findings of the field investigation conducted in Panjin, Liaoning

province in August 2023, as mentioned earlier. The model could

not predict a suitable distribution in this region, but the area had a

continuous distribution of seagrass.

The model also could not consider the effects of human

activities and extreme weather on seagrass distribution. The area

of seagrass in the Yellow River Delta (China) decreased by nearly

90% due to the Super Typhoon Lichima in 2019 (Yue et al., 2021).

Hence, the actual seagrass distribution under various anthropogenic

and abiotic pressures might be substantially lower than predicted. A

comprehensive investigation is required to accurately determine

seagrass distribution and the factors limiting its distribution.
FIGURE 13

The areas identified for seagrass conservation and restoration.
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4.2 Application of the model
and predictions

MaxEnt models are evaluated based on the AUC value only.

The predictions are considered to be reliable if the AUC value

exceeds 0.8. However, due to the selection and resolution of

environmental variables, and other human factors accurately

reflected the predictions. Verifying the accuracy of predictions

only by evaluating the model is challenging. In this study, we

evaluated the model and the predictions to confirm the

reliability of the predictions while ensuring that the model

performed well.

The model and predictions might provide effective and

inexpensive ways to plan seagrass conservation, especially in

poorly surveyed regions under the growing pressure of habitat

loss and degradation. Compared with other research methods such

as remote sensing, our model provided a reliable map of seagrass

distribution in the area more repeatable and transferable way. The

remote sensing method requires finer spatial resolution and suitable

data sources, including fewer clouds, low tide, clear water, smooth

sea surface and so on to map seagrass distribution. The satellite

images are highly affected by weather and water conditions,

resulting in inadequate suitable images for seagrasses

interpretation, both in the Northern and Southern Chinese Seas.

Meanwhile, our method can be used as a reference for seagrass

conservation and planning. The predictions identified more

seagrass distribution areas, such as the east coast of Juehua Island,

than the field investigation. These areas, which have not yet been

recorded, may be highly suitable habitats for seagrass. Thus, for

rapid economic development, these areas should be assessed and

mapped at the earliest.
4.3 Selection of environmental variables

Seagrass distribution is influenced by various environmental

variables. Different studies (Lemke et al., 2011; Valle et al., 2013)

may have selected different combinations for constructing models.

As the scale of the study varies, the selection of environmental

variables can differ between studies.

In the global model, SST and distance from the shore were the

most important factors in predicting seagrass distribution (Jayathilake

and Costello, 2018). At the regional scale (such as the Mediterranean),

the most important variables determining seagrass presence were

chlorophyll-a levels and distance to the coast (Effrosynidis et al.,

2018). At the local scale, surface nitrate concentration, benthic light

availability, wave exposure, and distance to sandy shore determined

suitable seagrass habitat distribution (Bittner et al., 2020). At even

smaller scales, the sedimentation rate and light intensity were found to

be the most important factors, followed by pore-water nitrate content

(Stankovic et al., 2019).

We identified variables that were similar to those reported in

other studies at the regional and local scales, e.g., SST and nitrate

concentration. Therefore, while evaluating seagrass distribution in

the future, researchers should select environmental variables

according to the scale of the study.
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4.4 Suggestions for seagrass conservation
and restoration

Using the coupling framework mentioned in Section 2.5, we

identified seagrass conservation and restoration areas. We proposed

strategies for creating sustainable habitats for seagrass and

developed NbS for seagrass management. Our findings might

promote the sustainable development of seagrass ecosystems in

the region around the Northern Chinese Seas.

The results of the field investigation showed that the seagrass in

the study area was almost entirely distributed in nearshore waters.

Algae and human activities have significantly affected the suitable

habitats of seagrass and, in severe cases, have resulted in the loss of

seagrass habitats. Based on our findings, we proposed that (i)

greater efforts should be made to educate the public about

seagrass conservation in the coastal areas (ii) seagrass nature

reserves should be set up in suitable areas (only a few northern

seagrass nature reserves have been established in the study area, and

protection efforts and awareness are inadequate) (iii) seagrass

should be continuously monitored to evaluate its status, and

timely protective measures should be implemented (iv)

aquaculture areas should be rationalized. Seagrass beneath

floating (Herbeck et al., 2014) fish cages frequently disappears,

whereas the surrounding areas display signs of degradation. As

fisheries are an important economic source, they must prioritize the

rational arrangement of aquaculture areas to achieve a balance

between ecological protection and economic benefits.
5 Conclusion

The lack of information on the distribution and suitable habitat

of seagrasses hinders seagrasses conservation and restoration efforts.

This was the first study in which seagrasses was studied in the

Northern Chinese Seas using the MaxEnt model. The model

identified the potential seagrasses distribution and habitat

suitability in the study area. We determined the distribution areas

and provided constructive suggestions for seagrass conservation and

restoration by re-analyzing the predictions. The results showed that

(i) the AUC value of the MaxEnt model was 0.963, and the

predictions aligned well with the results from field investigations,

indicating that the predictions of the potential seagrasses distribution

areas were highly reliable (ii) The potential seagrasses distribution

area was 3,296.47 km2 in the study area and spread over Shandong,

Hebei, and Liaoning provinces (iii) The distance from the shore,

transparency, substrate type, SST, and nitrate concentration were

identified as the dominant environmental variables in the study area.

Seagrasses habitat suitability was high in the study area when the

distance from the shore was< 210 m, the SST was around 11 ~ 25°C,

the substrate type was sandy with high mud content, the substrate

particle size was around 35 ~ 330 μm, the transparency was around

0.7 ~ 1.5 m, and the nitrate concentration was< 6.4 mol·m-3 (iv) By

coupling the previous predictions and re-analysis results, we

identified areas for the conservation and restoration of seagrass.

Our findings suggested that seagrass conservation and monitoring

should be strengthened after analyzing the results of field
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investigations and model predictions. The model developed in this

study might serve as an effective tool for ecosystem management and

facilitate the conservation and restoration of seagrass along with the

ecosystem services it provides.
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