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Abstract: Seaweed plays an important role in energy production in marine, coastal, and island
ecosystems. The protection of seaweed beds is a key point for coastal ecosystem health, but the
community characteristics, dominant species, and distribution of seaweed beds in the coastal waters
of China are still unknown. Dividing seaweed beds based on their ecological function is also required
for coastal ecosystem conservation, marine development, and utilization. We conducted ecological
surveys on various types of ecosystems at approximately 50 sites dedicated to the conservation
of seaweed bed biodiversity in China from 2018 to 2019. These seaweed beds were classified
into different flora by water temperature and the attributes of the dominant species. The study
showed that Sargassum dominated the coast of China. The coverage of the genus Undaria and the
genus Laminaria in the coastal waters of Liaoning and Shandong was high and gradually decreased
from Zhejiang to the south. The mean biomass of the seaweed beds along the coast of China was
7.29 kg/m?, and the mean coverage was 41.25%. The height and fresh weight of the dominant species
gradually decreased with the decreasing latitude. The seaweed beds were distributed from the
shallow water zone to the profundal zone along the coast from north to south, and the bathymetry
of seaweed beds in Hainan was below 6 m. Based on the water temperature, the attributes of the
seaweed beds, the temperature attributes of the dominant species, and the seaweed’s distribution,
the seaweed beds in China can be specifically divided into temperate warm water types, subtropical
warm water types, and tropical warm water types. This study is relevant to the development of

regulations and directives to ensure biodiversity conservation and environmental sustainability.
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1. Introduction

Seaweed beds are areas where large amounts of benthic seaweed thrive in the several
tens of meters of the intertidal and subtidal zones. They are widely distributed along the
continental coasts of the cold temperate zone and some of the tropical and subtropical
coasts [1,2]. Most dominant species belong to the Ochrophyta, Rhodophyta, and Chloro-
phyta phyla. Among them, Ochrophyta has the most extensive distribution in seaweed
beds, including Macrocystis, Sargassum, and Laminaria [3].

Seaweed beds are of great ecological importance within the coastal ecosystem, serving
as food, habitats, and nurseries for many associated biological organisms [4-8]; and as one
of the typical sub-ecosystems in coastal waters, seaweed beds, together with coral reefs,
mangrove forests, and seagrass meadows, constitute a coastal offshore ecosystem with
complex structures and species diversity [9-11].

In recent years, following the aggravation of the pollution of aquaculture in coastal
environments, the expansion of ocean engineering, gradual ocean warming, and the
disorderly harvesting of seaweeds, there has been a rapid depletion of resources in coastal
seaweed beds, and the resource situation of existing coastal seaweed beds has gradually
become the central focus of many researchers [12-16]. Prior to this study, systematic on-site
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sampling and surveys of seaweed beds in the subtidal zone with high productivity and
outstanding ecological functions had not been performed.

In addition, due to the low transparency of coastal waters in China and the canopy of
large seaweeds rarely surfacing, it is difficult even in the present to use modern satellite
remote sensing methods to assess the species distribution and biomass [17,18]. In addition,
the latest distribution map of global seaweed beds drawn by European and American
researchers does not show the distribution of seaweed near the coast of China [19]. There-
fore, little is known regarding the geographic distribution, bathymetry range, sediment
types, dominant species, abundance, scale, seasonal changes, and community ecology of
the coastal seaweed beds of China.

Seaweed beds are some of the most informative long-term markers of any coastal
marine environment; the distribution of seaweeds and the biodiversity of the different
beds also significantly differ due to the different geographical regions in which they grow,
and thus they often have particular ecological and geographical traits [20]. The flora of
seaweed beds has important ecological scientific value, which can promote the cognition,
protection, and rational development of seaweed resources.

Until now, the division of seaweed flora has been carried out through generaliza-
tion [21]. Tseng and Chang (1959) successively put forward a series of preliminary sugges-
tions regarding the division of seaweed flora on the coast of China and the west coast of
the North Pacific [22]. However, the basis for the division of seaweed flora in their study
depended only on the temperature attributes of singular seaweed and thus did not con-
sider the community characteristics and macro-scale of the seaweed beds as a whole [23].
Regarding the compositions of seaweed beds, different species have different ecological
functions, and the biomasses and ecological functions of certain dwarf seaweeds are far
less substantial than those of the dominant seaweed [24].

In this paper, we summarize the results for every seaweed bed, including the char-
acteristic distribution, composition of seaweed species, and flora characteristics, of the
coastal seaweed beds in China. Based on the national survey data of coastal seaweed
beds conducted from 2018 to 2019, we analyzed the distribution of seaweed beds and
supplemented the databank with the distribution of seaweed beds in the subtidal zone
of China. Utilizing previous research, some comparative analyses were completed based
on the structural characteristics, temperature attributes, geographic distribution, and the
differences between adjacent regions. We provide a suggestion for the division of coastal
seaweed beds in China; we expect that the information and insights provided by this study
will be able to assist the government in designing policies related to the conservation of
seaweed beds.

2. Methods
2.1. Monitoring Sites

We conducted a survey of seaweed beds from Dong Gang Shi (DGS), Liaoning, in the
north of China (39°50'20.02" N, 124°10'18.58" E), to Da Dong Hai (DDH), Hainan, in the
south (18°12/47.56" N, 109°30'36.56” E), between 2018 and 2019 (Figure 1).

These surveys pertained to the distribution characteristics of the dominant species,
sediment types, height, coverage, bathymetry, water temperature, salinity, and biomass of
the coastal seaweed beds (Table 1). Comprehensive analysis of the historical documents,
the natural distribution characteristics, and the environmental features of different places
was performed, and then the key coastal seaweed beds that were less affected by humans
were selected for investigation (regional representatives). In the course of the investiga-
tion, some supplemental information was obtained based on the visits of local fishery
management and fishermen, and important seaweed bed investigations were added.
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Figure 1. Survey sites of seaweed beds in the coastal subtidal zone.
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Table 1. Sites of seaweed beds and their water quality.
Site Latitude Longitude Water T(";“gerat“re Salinity (%)
HJS (Huang Jin Shan) 38°47/30.29" 121°16/10.55" 19.18-24.28 29.8-31.8
DHZD (Da Hao 39°02/58.25" 122°48/49.28" 17.11-21.04 30.7-31.7
Zi Dao)

JHD (Jue Hua Dao) 40°30'49.77" 120°49'16.37" 26.20-26.27 34.14-34.66
WED (Wa Fang Dian) 39°44/13.09" 121°27'26.11" 26.48-26.83 33.99-34.03
XYW (Xiang Yun Wan) 39°10/42.04" 118°58'50.39"" 24.93-26.64 31.4-32.2

YKS (Ying Kou Shi) 40°38'37.95" 122°08/55.58" - -
DGS (Dong Gang Shi) 39°50/20.02" 124°10'18.58" - -
ZHS (Zhuang He Shi) 39°38/27.64" 122°59'11.26" - -

JST (Jin Sha Tan) 35°58/02.58" 120°16/11.13" 22.56-23.33 31.7-32.0
YMD (Yang Ma Dao) 37°28/08.14" 121°36/20.50" 20.33-22.95 31-32.1
NHCD (Nan Huang 38°21/25.33" 120°53/49.35" 17.37-20.65 30.8-32.2

Cheng Dao)
NCSD (Nan Chang 37°54'29.76'" 120°45'18.53" 20.44-21.76 32.1-32.9
Shan Dao)
HD (Hui Dao) 36°41/02.22" 121°39/36.79" 26.64-30.43 31.3-32.5
CD (Chu Dao) 37°02/37.73" 122°33/42.23" 23.02-25.59 31.9-32.2
JMD (Ji Ming Dao) 37°27'08.73" 122°28/51.65" 24.61-26.20 31.0-31.9
RJT (Ren Jia Tai) 35°30/29.45" 119°3732.59" 22.70-22.85 32.57-33.58
TPJ (Tai Ping Jiao) 36°02/30.97" 120°21/30.37" 24.57-25.80 32.96-33.03
YK (Yang Kou) 36°18/10.25" 120°39/40.04" 20.89-21.12 32.47-32.51
CNSD (Che Niu 34°59'38.85" 119°49'21.67" 25.62-26.39 31.07-31.21
Shan Dao)

NJD (Nan Ji Dao) 27°27'30.76" 120°57'57.00" 21.71-22.76 30.0-31.4

YSD (Yu Shan Dao) 28°53/10.29" 122°15'17.71" - -

SSD (Sheng Shan Dao) 30°43/42.93" 122°49'14.76" 20.30-23.06 8.06-8.16

BXD (Bi Xia Dao) 30°46/44.18" 122°47'05.48" - -

LHD (Lv Hua Dao) 30°49/20.88" 122°28/28.35" 22.34-22.45 23.2-23.6
SHS (San Heng Shan) 30°47/21.23" 122°39'50.96 22.22-22.61 24.5-24.9
HND (Hua Niao Dao) 30°50/47.64" 122°40'12.39" 21.19-22.81 25.7-39.0

GQD (Gou Qi Dao) 30°42/52.61" 122°44/14.28" 24.10-25.59 29.7-30.7

LAZ (Liu Ao Zhen) 23°54/52.81" 117°46/23.20" 24.84-25.00 34.12-34.22
DSX (Dong Shan Xian) 23°39/51.25" 117°29/08.82" 24.31-24.59 34.83-34.87

BJS (Bi Jia Shan) 26°39/35.58" 120°0724.84" 23.48-24.40 31.50-31.59

CWZ (Chong oEa/ 1 org/ "
W Zhen) 24°53/24.15 118°58/29.84 - -
XZZ (Xiao Zuo Zhen) 24°57'33.29" 119°01/25.70" - -

PTX (Ping Tan Xian) 25°34/04.47" 119°52/31.99" 23.25-23.26 28.70-28.71
DPD (Ding Peng Dao) 23°17/05.10" 117°18/25.11" 24.59-24.68 8.27-8.28
NZD (Nao Zhou Dao) 20°55'35.29" 110°38/15.52" 24.73-24.95 29.77-29.79
WSD (Wan Shan Dao) 21°57/03.40" 113°42'38.41" - -

BG (Bei Gang) 21°04/26.63" 109°0717.66" - -
LZT (Long Zhen Tai) 21°31/39.63" 108°12/38.78" 25.97-26.02 32.16-32.18
XNJZ (Xi Niu 21°36'56.55" 108°4526.73" - -
Jiao Zhen)
JPZ (Jiang Ping Zhen) 21°31'12.31" 108°0840.64" - -
QLW (Qing Lan Wan) 19°31'16.65" 110°51'39.06" 24.16-25.78 34.01-34.35

XCG (Xin Cun Gang) 18°24/09.86"" 109°59/23.41" - -

DDH (Da Dong Hai) 18°12/47.56" 109°30/36.56"" - -

LTW (Ling Tou Wan) 18°41'10.85" 108°41'36.55" - -

QZW (Qi Zi Wan) 19°22/30.76"" 108°41'11.57" - -
WQG (Wen Qing Gou) 19°35/53.13" 109°02/35.25" 29.57-29.63 34.99-35.01

BZC (Bo Zong Cun) 19°59/11.92" 109°35/26.45" 24.16-25.78 34.01-34.35

LCJ (Lin Chang Jiao) 19°54/42.82" 109°27'41.29" - -

LGJ (Lin Gao Jiao) 20°01/03.50" 109°42/15.86'" 24.68-24.97 34.0-34.1
XYG (Xin Ying Gang) 19°54/26.67" 109°3104.26" - -

“—" denotes that there were no seaweed beds and thus we did not perform a water quality survey.
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2.2. Collection of Samples

Surveys were carried out during the season when the dominant species of seaweeds
were the most abundant. A nondestructive quadrat sampling method, with quadrats
placed along transects perpendicular to the shoreline, was used to determine the species
composition, biomass, coverage, and density at these sites. The BioSonics MX digital echo
sounder was used to investigate the height and coverage of the seaweed. The frequency
was 204.8 kHz and the pulse duration was 0.4 ms. The pulse repetition rate was 5 ping/s
and the single beamwidth was 8.3°.

The sonar transducer was placed vertically into seawater to generate accurate mea-
surements of the seaweed canopy height and percentage cover and bathymetry. A Cast
Away-CTD (conductivity, temperature, and depth) multiparameter water quality monitor-
ing instrument was used to monitor the water’s parameters, such as the water temperature,
salinity, and bathymetry, at each site. The sonar survey included three routes—the inner
route, the outer route, and the “S” shape between them. The transects were set according
to the seaweed distribution. Three transect lines were positioned perpendicular to the
shoreline at each site. Combined with the slope of the underwater terrain, the surveyed
region was divided into three depth areas: I, II, and III.

Cross-section sampling was conducted through SCUBA diving. The percentage cover
of seaweed was estimated, and 30 x 30 cm? quadrats were placed along the transect from
the shallow water zone to the profundal zone every meter. Three to five parallel samples
were collected at the same bathymetry, and the time and bathymetry of each sample
position were recorded [25]. While the quantitative samples were collected, the nearby
qualitative samples were collected in situ as supplementary data.

After the seaweed samples were collected, cleaned with seawater, and brought back
to the laboratory, we measured the biological characteristics of their height and fresh
weight. After that, we soaked them in 5% formalin solutions, listed and numbered them
according to the classification system, and stored the qualitative and quantitative samples
separately. This survey was performed at approximately 50 candidate sites throughout
China. We took 9-10 samples at each sampling site, and 500 transects were performed,
totaling 4500 samples. The sonar survey swept about 1100 km in total.

2.3. Data Analysis

The data collected from the echo sounder were analyzed by Visual Habitat software,
and the bathymetry of each quadrat was standardized according to the local tidal variation.
The importance value (IV), which represents the dominance of seaweeds, can be

calculated as: 5
v, = <Bl) X fi

where [V; is the importance value of i species; B; is the biomass (g) of i species; B is the
total biomass (g) of seaweeds; and f; is the occurrence frequency of i species. Based on the
calculated importance value (IV; > 0.02), we were able to determine whether a species was
the local dominant species [26].

The data were analyzed using SPSS version 25 (SPSS Inc., Chicago, IL, USA). The data
were expressed as mean + standard deviation (SD). For the mean height and weight,
a comparison of different sites was performed with ANOVA. p < 0.05 was considered
statistically significant.

3. Results
3.1. Distribution of Major Species

Seaweed beds along the Chinese coast are dominated by Sargassum, Undaria, Porphyra,
Gelidium, Scytosiphon, Hizikia, and Laminaria, including Sargassum muticum (Yendo) Fensholt,
Sargassum confusum C.Agardh, Sargassum horneri (Turner.) C.Agardh, Laminaria japonica
Areschoug, Undaria pinnatifida (Harvey) Suringar, Sargassum vachellianum Greville, Sar-
gassum henslowianum C.Agardh, and Sargassum polycystum C.Agardh. The offshore water
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transparency of Liaoning and Shandong was greater than in Jiangsu and Zhejiang, and the
seaweeds in these areas were the tallest. A list of the seaweeds we investigated is shown in
Table Al.

Intertidal mudflats are an important component in the coastal waters of Jiangsu,
and there are few seaweed resources. The offshore bedrock slopes in Zhejiang and Fujian are
larger than elsewhere. Affected by the diluted water of the Yangtze River, the transparency
is poor and the seaweed height is the lowest. Guangdong, Guangxi, and Hainan have
smaller slopes along the coasts, and the seaweed beds have the largest distribution areas
and abundance.

The mean biomass of the coastal seaweed beds in China was 7.29 kg/m?, and the mean
coverage was 41.25%. Guangdong had the largest biomass of coastal seaweed resources,
at 18,461.55 g/ m2, followed by Liaoning at 13,701.08 g/ m2. The mean coverage in the
seaweed beds was 10-70%, and the distances to the coastline were widely distributed
from 5 to 300 m. The coastal seaweed beds in Jiangsu had the smallest width at 5-10 m.
The bathymetry of the seaweed beds gradually decreased from north to south, and the
bathymetry of the coastal seaweed beds in Hainan was below 6 m (Table 2).

Table 2. Distribution of the seaweed beds along the Chinese coast.

. Mean Thallus Coverage Distance Width Depth . .
Region Biomass . o Dominant Species
2 Height (cm) (%) (m) (m) (m)
(g/m?)
Sargassum muticum,
Liaoning ~ 13,701.08 9.8-518.8 10-70 15-100 10-80 <1498  Swrgassum confusum,
Undaria pinnatifida,
Laminaria japonica
Sargassum muticum,
Shandong 5755.43 9.4-414.2 20-60 5-300 10-200 <14.97 Undaria pinnatifida,
Laminaria japonica
Jiangsu 1308.02 33.5-87.8 10-40 5-15 5-10 <1495  Swgassum tenerrimum,
Ulva pertusa
Zhejiang 3845.24 12.1-207.0 30-50 5-40 10-30 <1499 Sorgassum vachellianum,
Sargassum horneri
Fujian 4005.955 12.5-161.5 30-70 5-50 5-30 <12.05 g”rgass”m vachelliariim,
argassum horneri
Sargassum henslowianum,
Guangdong  18,461.55 10.8-369.5 20-50 5-100 5-40 <1097  Sargassum hemiphyllum
var.chinense
Guangxi 7537.98 16.9-239.9 30-60 10-200 10-40 <95 Smgassum sanyaense,
Sargassumphyllocystum
Hainan 3732.15 6.0-240.0 20-60 10-200 5-40 <610  Sargassum polycystum,

Sargassum emarginatum

Figure 2 shows the mean height and fresh weight distribution of the dominant seaweed
species (Figure 2a) and Sargassum (Figure 2b) in the seaweed beds of China. As Figure 2a
shows, from Liaoning to Hainan, the mean height and fresh weight of the dominant
seaweed species in the seaweed beds showed decreasing trends as the latitude decreased.
Liaoning had the largest mean height of 111.54 4= 16.29 cm, and Hainan had the smallest
mean height of 50.46 + 4.62 cm; the highest seaweed was the Sargassum muticum, Huang
Jin Shan (HJS) (38°47/30.29"” N, 121°16/10.55” E), Liaoning, with a length of 518.5 cm.
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Figure 2. Distribution of the dominant species and Sargassum in seaweed beds. (a) Distribution of dominant seaweed
species; (b) distribution of Sargassum. (a,b,c,d) indicate significant differences (p < 0.05).

The mean fresh weight in Liaoning was the largest, 130.14 £ 29.26 g, and the mean
fresh weight in Jiangsu was the smallest, 16.74 + 6.84 g. The mean height of the dominant
species in Liaoning was significantly different from other regions, and there were no
significant differences between Fujian and Guangxi. The mean weight in Jiangsu was
significantly different from the other regions (Figure 2a). Among them, the height in the
coastal seaweed beds of Zhejiang was lower than in the adjacent areas, but the mean fresh
weight was larger compared with Jiangsu and Fujian.
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Mean height(cm)

Figure 2b shows the distributions of the mean height and fresh weight of Sargassum,
which were widely distributed in the coastal waters of China. As seen in Figure 2b, from
north to south, the mean height and fresh weight of Sargassum also showed a decreasing
trend with the decrease in latitude. The mean height and fresh weight of Sargassum
in the coastal seaweed beds of Liaoning were the largest, being 173.22 4 31.39 cm and
120.01 4 49.18 g, respectively.

The mean height of Sargassum was the smallest in Hainan at 50.46 & 4.62 cm, and the
mean fresh weight in Jiangsu was the smallest at 16.74 & 6.84 g. The mean weight of
Sargassum in Jiangsu was significantly different from the other regions. Apart from Liaoning
and Shandong, there were no significant differences in the mean height of Sargassum
(Figure 2b).

Among the dominant species in the seaweed beds, Undaria pinnatifida and Laminaria
japonica were the most abundant seaweeds along the coasts of the Yellow Sea and the
northern part of the East China Sea. Sargassum muticum is a temperate species, and it was
distributed from Da Hao Zi Dao (DHZD) to Tai Ping Jiao (TPJ). Sargassum horneri is a warm
temperate species, and it was distributed from DHZD to Ping Tan Xian (PTX) near the
coast (Figure 3). For the mean height of Undaria pinnatifida, a significant difference was
revealed in DHZD compared with the other sites (Figure 3a).
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Figure 3. The distributions of four dominant species: (a) Undaria pinnatifida, (b) Laminaria japonica, (c) Sargassum muticum,

and (d) Sargassum horneri. (a,b,c,d) indicate significant differences (p < 0.05).

The mean weight of Laminaria japonica in DHZD was significantly different from
the other sites (Figure 3b). There were no significant differences in the mean height of
Sargassum muticum from among the sites at Hui Dao (HD), Chu Dao (CD), Ji Ming Dao
(JMD), and TP]J (Figure 3c). The mean height of Sargassum horneri in Bi Jia Shan (BJS) was
significantly different from the other sites, and there were no significant differences in the
mean weight of Sargassum horneri from among the sites at DHZD, HJS, Sheng Shan Dao
(SSD), Gou Qi Dao (GQD), and BJS (Figure 3d). From north to south, the mean height
and fresh weight of Undaria pinnatifida, Laminaria japonica, and Sargassum muticum showed
decreasing trends as the latitude decreased.

3.2. Dominant Species in Seaweed Beds

Seaweed beds are composed of a fixed number and size of marine macroalgae, with
particular community characteristics and relatively stable ecological habits [27]. In the
species composition of seaweed beds, certain dominant species have more biomass,
are widely distributed, and have regional representation. However, some species are
distributed in small numbers, as minor or even as rare species, as they have not yet settled
and thrived. Therefore, these species cannot be viewed as the representative species for the
division of the seaweed bed flora in this region. Therefore, in the process of dividing the
seaweed beds, whether one species is representative of the flora mainly depends on the
height, biomass, density, and distribution scale.

Sargassum, Laminaria, and Undaria are the abundant seaweeds in the coastal waters
of China, being taller, of greater biomass, and more widespread (Table 3). The mean
height of Sargassum muticum was 131.98 cm, which was the largest. The second largest was
Sargassum henslowianum at 125.81 cm. The seaweed with the lowest height was Sargassum
hemiphyllum var.chinense at 28.48 cm. The mean fresh weights of Sargassum confusum,
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Sargassum tenerrimum, Sargassum phyllocystum, and Sargassum emarginatum were more than
100 g, while the mean fresh weight of Sargassum graminifolium was the lowest at 8.27 g.

Table 3. The characteristics of the dominant species in seaweed beds of China.

Species TeII,I:_ E;Eittyure Mean Height (cm) l\‘//[\f;g]ftr?;)h Regression Equation
Sargassum horneri WT 91.05 98.62 Y = 0.7172x10349(R2 = 0.8147 **)
Sargassum vachellianum ST 44.58 23.11 Y = 0.7196x98%4(R2 = 0.6605 *)
Sargassum muticum WT 131.98 63.14 Y = 0.3313x10435(R2 = 0.8668 **)
Sargassum confusum WT 95.00 185.17 Y = 0.0350x8481(R? = 0.7550 **)
Undaria pinnatifida WT 46.83 93.68 Y = 0.1173x16995(R2 = 0.9017 **)
Laminaria japonica CT 61.16 42.80 Y = 0.0471x16272(R2 = 0.9131 **)
Sargassum tenerrimum - 59.30 167.34 Y = 0.6105x1-341(R2 = 0.7508 **)
Sargassum graminifolium - 29.82 8.27 Y = 0.2038x1:9%%7(R? = 0.8853 **)
Sargassiin - 125.81 70.79 Y = 0.3936x10097(R2 = 0.7068 **)
henslowianum
Sargassum hemiphyllum WT 28.48 10.44 Y = 0.5907x08179(R2 = 0.9128 **)
var.chinense
Sargassum sanyaense - 34.85 51.84 Y = 0.0808x17733(R? = 0.9737 **)
Sargassum fulvellun - 63.04 108.19 Y = 0.0122x21498(R? = 0.881 **)
Sargassum polycystum - 54.29 33.35 Y = 0.2434x1-2067(R? = 0.9305 **)
Sargassum emarginatum - 80.58 122.95 Y = 0.3219x1-3615(R2 = 0.8015 **)
Sargassum swartzii Tr 41.66 51.72 Y = 0.0101x%22%7(R? = 0.9384 **)

(1) CT—cold temperate; WI—warm temperate; ST—subtropical; Tr—tropical; (2) Y—fresh weight of seaweeds; x—thallus height of
seaweeds. “**”and “*” represent significant difference at the level of 0.01 and 0.05, respectively.

Among the most abundant species, Laminaria and Undaria dominated the coast of
Liaoning and Shandong. Sargassum was widely distributed along the Chinese coast.
The amount of Sargassum was characterized by more in the south and less in the north.
The species of Sargassum were most abundant along the South China Sea coast, with
124 species accounting for 36.47% of the total, followed by the East China Sea (13 species
of Sargassum) and the Yellow Sea and the Bohai Sea (10 species of Sargassum). Among these
areas, 78 species of Sargassum in the subtidal zone were recorded [28].

The regression equation in Table 3 shows the fitting relationship between the seaweed
fresh weight and the height of each species; from this we can see that the relationship
between the height and fresh weight was a power function—the fresh weight of seaweed
increased with height. The equation fit well. According to Pearson’s test, except for
Sargassum vachellianum, most of them were significantly correlated at the level of 0.01.

3.3. Types of Seaweed Beds

The flora types of seaweed beds reflect the affinities and similarities of the flora
among different regions. The traditional method of dividing seaweed flora according
to the classification characteristics of seaweeds mainly reflects the stable difference and
development of seaweed species; the analysis of the characteristics of the dominant species
can reflect the fauna more clearly [29]. In the coastal waters of China, from Liaoning to
Jiangsu, the seawater temperature is likely to belong to the temperate zone; these waters
are dominated by warm temperate species, such as Sargassum muticum and Sargassum
confusum, with a mean biomass of 6921.51 g/m?.

Among these species, in the offshore area of Jiangsu, the sediment types mainly
include silty sand and muddy sand, and only along the coast of Che Niu Shan Dao
(CNSD) was there a small amount of Sargassum tenerrimum. The shore from Zhejiang to
Guangxi belongs to the warm water zone and is dominated by subtropical species, such
as Sargassum vachellianum, with a mean biomass of 8462.68 g/ m?. The maximum mean
biomass (3732.15 g/ m?) was found in the coastal areas of Hainan.
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In the offshore area of Jiangsu, the sediment types mainly included silty sand, and Sar-
gassum tenerrimum was distributed only along the coast of CNSD, with a smaller height
(3080 cm). In addition, the coastal waters of Jiangsu are always affected by the Yangtze
River current, which restricts the migration of seaweed from north to south. Therefore,
we classified the region into the same type as Liaoning and Shandong. Guangxi has many
coastal bays and estuaries and is the transition area of subtropical to tropical, featuring
mostly subtropical species; the diversity of species of Sargassum along the coast of Hainan
was quite different. Therefore, it was classified into the same type as Guangdong and the
north (Figure 4).
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Figure 4. Characteristics of the dominant species in different types of seaweed beds.

Based on the historical research of Tseng (1959) and Chang (1996) on seaweed flora [22,30],
combined with water temperature, the composition of seaweed species, and the charac-
teristics of dominant species in the coastal waters of China, Chinese seaweed beds can
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be divided into three types: temperate warm water types, subtropical warm water types,
and tropical warm water types.

Temperate warm water types are mainly distributed on the coasts of the Bohai Sea and
the Yellow Sea, where the water temperature in winter is 0-6 °C and in summer 26-27 °C.
The regions include Liaoning, Hebei, Tianjin, Shandong, Jiangsu, and Shanghai. Typical
seaweed beds primarily include Sargassum horneri and Laminaria japonica beds along the
coast of DHZD, Liaoning; Sargassum confusum and Sargassum muticum beds along the coast
of HJS, Liaoning; Laminaria japonica and Sargassum muticum beds in the offshore area of
Nan Huang Cheng Dao (NHCD), Shandong; and Laminaria japonica and Undaria pinnatifida
beds along the coast of JMD, Shandong.

Subtropical warm water types were mainly distributed along the coast of the East
China Sea and the northern coast of the South China Sea, where the water temperature
in winter is 7-19 °C and in summer 27-29 °C. The regions include Zhejiang, Fujian,
Guangdong, and Guangxi. Typical seaweed beds mainly include Sargassum vachellianum
and Sargassum horneri beds along the coast of Ma An Lie Dao (MALD, include SSD, BXD,
LHD, SHS, HND, GQD), Zhejiang; Sargassum hemiphyllum var.chinense beds in the offshore
area of Dong Shan Xian (DSX), Fujian; Sargassum henslowianum beds along the coast of
Ding Peng Dao (DPD), Guangdong; and Sargassum hemiphyllum and Sargassum sanyaense
beds along the coast of Bei Gang (BG), Guangxi.

Tropical warm water types were mainly distributed along the southern coast of the
South China Sea, where the water temperature in winter is 2029 °C and in summer more
than 29 °C. The region involved is Hainan. Typical seaweed beds mainly include Sargassum
polycystum beds along the coast of Qing Lan Wan (QLW); Sargassum emarginatum beds
along the coast of DDH; and Sargassum polycystum and Sargassum swartzii beds along the
coast of Qi Zi Wan (QZW).

4. Discussion
4.1. Distribution of Seaweed Beds

The occurrence and development of seaweed are the results of long-term development
under a specific environment [31]. Seaweed beds not only have local species but also
exotic species introduced by human activities, ocean currents, and other factors. Due to the
influences of certain factors, such as shoreline riverside and geological changes, the dis-
tributions of some species can appeared to be discontinuous or patchy, and long-term
geographic isolation can lead to new species, which ultimately lead to a change in the
composition of seaweed beds [32].

The geographical distribution of seaweed beds is mainly affected by water temperature
and sediment conditions [10,33-35]. With the latitude decreasing from north to south along
the coasts of the seas of China, the cold-water species, such as Laminaria japonica, quickly
disappeared, and warm-water species increased gradually. In the western part of the Bohai
Bay in Liaoning and along the coast of Jiangsu, the sediment types mainly included silty
sand, and the seaweed resources were lower than in other places. The seaweed beds in
Jiangsu were only distributed in CNSD, with a biomass of 1308.02 g/m?.

The coastal waters of Shanghai are affected by the runoff of the Yangtze River, with
lower salinity and transparency, which is detrimental to the growth of seaweeds [36].
The mean height (50.19 + 3.12 cm) along the coast of Zhejiang was smaller than that of the
adjacent Jiangsu (59.33 £ 21.17 cm) and Fujian areas (56.56 £ 9.20 cm). However, the mean
biomass was larger—the reasons for this may partly involve the fact that the transparency
of the water is poor, and thus the seaweeds increase the biomass of their organs, such as
fronds and pneumatocysts, through auto-regulation to balance the photosynthetic rate
required for their growth.

The dominant genus in the seaweed beds of China is Sargassum, followed by Undaria
and Laminaria. Seaweed beds are distributed in patches along the coast of China—this result
is in accordance with Tseng (1959) on the discontinuity of the distribution of Sargassum [22].
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Typically, seaweeds of Sargassum in seaweed beds were distributed along the side of the
reef surface in the subtidal zone.

However, in Wen Qing Gou (WQG) in Hainan and BG in Guangxi there were many
coral reefs along the coast, and the distribution pattern of Sargassum was in clusters.
Liao (2016) suggested that there were some competitive and coordination relationships
between seaweeds and coral reefs; however, the particular mechanism of influence on the
distribution of seaweeds needs to be explored in the future [37,38].

The coastal waters of Zhejiang, Fujian, and Guangdong mainly belong to the warm
water zone. The dominant species in these regions are mainly subtropical species. There is
a possibility that Taiwan’s warm currents transport the sporophytes from the south to the
north [30,39]. Correspondingly, seaweed beds formed by the cold-water species, Laminaria
japonica, rarely migrate southward along the coast. This may be due to a lack of rock shores
that are suitable for sporophyte fixation in the coastal waters of Jiangsu; another reason is
the hindering effect of the Yangtze River.

4.2. Seaweed Beds’ Flora

The distribution of seaweeds in one place is mainly affected by water temperature,
light intensity, surface currents, and other factors. This distribution is a long-term product
of the history and geography of the nearshore area. Its characteristics are mainly reflected in
the composition and natural distribution of dominant species. Therefore, the temperature
attribute of seaweed beds is the coupling temperature of all species there [34,40].

Over time, the composition of species in the seaweed beds changes to some degree,
with the rise of geographical variants and even new species. Therefore, species preferring
different temperatures arise regardless of the local temperature—for instance, sub-frigid
or even frigid species can develop in the cold temperate zone [41]. Tseng (1959) used
geography, the experimental biology of algae, and specimen analysis methods to divide
seaweeds into the following categories: (1) cold-water species (suitable temperature for
growth and reproduction <4 °C); (2) temperate-water species (4 °C < suitable temperature
<20 °C); and (3) warm-water species (suitable temperature >20 °C) [22].

Research has shown that seaweed species along the coasts of the Yellow Sea and the
Bohai Sea in China have temperate water properties, while there are very few cold-water
species (6%) [34,42]. The East China Sea is still dominated by warm temperate species, with
few cold temperate species, while the south has some subtropical species and no cold-water
species [22]. Warm-water species are the abundant seaweeds in the coastal waters of the
South China Sea, where subtropical species are dominant, and tropical species dominate
on the southern coast [43].

Since the 1950s, seaweed researchers represented by Tseng have established flora
divisions of seaweeds along the coast of China. Specifically, these divisions are the western
Yellow Sea (including the Bohai Sea), the western East China Sea, the northern South
China Sea, and the southern South China Sea [22]. Regarding the distribution of Sargassum,
Huang (2013) believed that the difference between the western part of the Yellow Sea and
the western part of the East China Sea was not obvious and suggested that the two should
be merged.

Sargassum flora in China were then divided into two regions—one is the west of the
Yellow Sea and East China Sea; the other is the South China Sea area [28]. In our survey,
based on the ecological characteristics of the dominant species in seaweed beds, Laminaria
japonica and Undaria pinnatifida were widely distributed along the coast of Liaoning and
Shandong. Along Zhejiang and the southern coast, seaweed beds formed by Laminaria
japonica were rarely found.

This study presented evidence for the conclusion that, based on the feature attributes
of the dominant species and seawater temperature attributes, the seaweed beds along
the coast of the Bohai Sea and the Yellow Sea are temperate warm water types, whilst
from the East China Sea to the southern Guangxi, they are subtropical warm water types;
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the seaweed beds along the coast of the southern part of the South China Sea were defined
as tropical warm water types.

Zhang (1996) systematically compared the distributions of 835 species of seaweeds
along the coast of China by analyzing the characteristics and genetic relationships of the
seaweed in each marine area, using the Jaccard index to judge the seaweed properties,
and concluded that the similarity coefficients of Zhejiang, Fujian, and Guangdong were all
greater than 0.5 [30]. This indicated that they are closely related. Xiang (2002) stated that
subtropical species are distributed along the coast of Zhejiang, accounting for 69.2% of the
total species, with this region thus belonging to the subtropical zone [36]. Both viewpoints
are in accordance with the standpoint that seaweed beds along the coast of Zhejiang, Fujian,
and Guangdong are united as subtropical warm water types, as suggested in this study.

5. Conclusions

Sargassum in seaweed beds were found to be the most abundant seaweeds along the
coast of China, followed by Undaria and Laminaria. Seaweed beds with Laminaria japonica
and Undaria pinnatifida as the dominant species were mainly distributed along the coast of
Liaoning and Shandong.

The mean biomass of seaweed beds in China was 7.29 kg/m? and their mean coverage
was 41.25%. From north to south, the mean height and fresh weight of the dominant
species gradually decreased with decreasing latitude. The mean fresh weights of the domi-
nant species in seaweed beds along the Jiangsu coasts were the smallest (16.74 & 6.84 g).
The bathymetry of the seaweed beds gradually decreased from north to south and was
lowest in Hainan, at 6 m or less.

Based on the seawater temperature, the dominant species in the seaweed beds, and the
dominant species’ distribution characteristics, the seaweed beds in China can be defined as
follows: along the coast from Liaoning to Shanghai, the seaweed beds are temperate warm
water types; along the coast from Zhejiang to Guangxi, the seaweed beds are subtropical
warm water types; and along the coast of the South China Sea and southward, the seaweed
beds are tropical warm water types.

The government should, therefore, make the ranking of seaweed beds a priority in
order to implement protective measures according to the types of seaweed beds and coastal
germplasm resources, while the distribution range of seaweed can be defined according to
the ecological properties of the target species.
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Appendix A

A list of the seaweeds we investigated is shown in Table A1.

Table Al. The seaweeds investigated.

Ochrophyta

Colpomenia sinuosa (Mertens ex Roth) Derbés and Solier in Castagne
Dictyopteris undulata Holmes

Dictyota dichotoma (Hudson) J.V.Lamouroux

Dictyota friabilis Setchell

Endarachne binghamiae J.Agardh

Hormophysa cuneiformis (J.F.Gmelin) P.C.Silva in P.C.Silva, Mefiez, and Moe
Ishige okamurae Yendo

Ishige foliacea Okamura in Segawa

Lobophora variegata (J.V.Lamouroux) Womersley ex E.C.Oliveira
Pachydictyon coriaceum (Holmes) Okamura

Padina australis Hauck

Padina boryana Thivy in W.R.Taylor

Rugulopteryx okamurae (E.Y.Dawson) LK. Hwang, W.J.Lee, and H.S.Kim in LK.Hwang, W.J.Lee, H.S.Kim, and O.De Clerck
Laminaria japonica Areschoug

Sargassum confusum C.Agardh

Sargassum crassifolium J.Agardh

Sargassum emarginatum C.K.Tseng and Lu Baroen

Sargassum fulvellun (Turner) C.Agardh

Sargassum henslowianum C.Agardh

Sargassum horneri (Turner) C.Agardh

Sargassum muticum (Yendo) Fensholt

Sargassum patens C.Agardh

Sargassum phyllocystum C.K.Tseng and Lu Baroen

Sargassum polycystum C.Agardh

Sargassum sanyaense C.K.Tseng and Lu Baoren

Sargassum serratifolium (C.Agardh) C.Agardh

Sargassum swartzii C.Agardh

Sargassum tenerrimum J.Agardh

Sargassum thunbergii (Mertens ex Roth) Kuntze

Sargassum vachellianum Greville

Scytosiphon lomentaria (Lyngbye) Link

Undaria pinnatifida (Harvey) Suringar

Sargassum fusiforme (Harvey) Setchell

Sargassum graminifolium (Turner) J.Agardh

Sargassum hemiphyllum var.chinense J.Agardh

Rhodophyta

Gigartina intermedia Suringar

Laurencia pinnata Yamada

Polysiphonia japonica Harvey in M.C. Perry
Acrosorium yendoi Yamada

Ahnfeltiopsis flabelliformis (Harvey) Masuda
Amphiroa dilatata ].V.Lamouroux

Amphiroa ephedraea (Lamarck) Decaisne
Amphiroa ephedraea (Lamarck) Decaisne
Calliarthron yessoense (Yendo) Manza
Callophyllis adhaerens Yamada

Ceramium japonicum Okamura

Chondria crassicaulis Harvey

Chondria tenuissima var. minuta C.Agardh
Chondrus nipponicus Yendo

Chondrus ocellatus Holmes

Corallina officinalis Linnaeus

Gelidium amansii (J.V.Lamouroux) J.V.Lamouroux
Gelidium yamadae K.-C.Fan

Gigartina intermedia Suringar
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Table A1. Cont.

Gracilaria vermiculophylla var. zhengii (J.E.Zhang and B.M.Xia) Yoshida
Gracilaria lemaneiformis (Bory) Greville

Gracilaria textorii var. cunninghamii (Farlow) E.Y.Dawson

Grateloupia filicina (J.V.Lamouroux) C.Agardh

Grateloupia livida (Harvey) Yamada

Gymnogongrus flabelliformis Harvey

Hypnea boergesenii T.Tanaka

Hypnea cervicornis ]. Agardh

Hypnea valentiae (Turner) Montagne

Jania adhaerens J.V.Lamouroux

Jania decussatodichotoma (Yendo) Yendo

Laurencia chinensis C.K.Tseng

Laurencia glandulifera (Kiitzing) Kitzing

Laurencia intermedia Yamada

Plocamium telfairiae (W.].Hooker and Harvey) Harvey ex Kiitzing
Polysiphonia japonica Harvey in M.C. Perry

Pterocladia tenuis Okamura

Pterocladiella capillacea (S.G.Gmelin) Santelices and Hommersand
Symphyocladia latiuscula (Harvey) Yamada

Tricleocarpa cylindrica (J.Ellis and Solander) Huisman and Borowitzka

Chlorophyta

Valoniopsis pachynema (G.Martens) Borgesen
Caulerpa racemosa (Forsskal) J.Agardh
Caulerpa serrulata (Forsskal) J.Agardh
Caulerpa sertularioides (S.G.Gmelin) M.Howe
Cladophora albida (Nees) Kutzing

Ulva conglobata Kjellman

Ulva fasciata Delile

Ulva pertusa Kjellman
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