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Introduction: Seagrasses play a key role in biodiversity maintenance, sediment
stabilization, and carbon reduction. Due to the significant decline of seagrass
populations worldwide, many projects to restore seagrass by transplantation
have been undertaken in recent decades. However, effective restoration
technologies required to rapidly restore seagrass on Hainan Island are yet to
be developed.

Methods: In this study, an experiment was carried out to investigate methods for
alleviating continuous degradation of seagrass beds on Hainan Island. Seagrass
were transplanted by “single-plant-fixed-distance transplantation” method,
survival rate, shoot formation rate, coverage and shoot density of transplanting
plants were monitored for 23 months.

Results: Over 67% of T. hemprichii and 90% of E. acoroides were still alive, shoot
density were over 11 shoots/m? and 15 shoots/m? respectively after almost two
years, E. acoroides was more likely to survive than T. hemprichii both in Gaolong
Bay and Xincun lagoon. Because of the damage to below-ground tissues, the
survival rate, shoot formation rate, coverage and shoot density decreased during
the first one year after transplantation, then increased gradually.

Discussion: We considered transplantation established successfully of T.
hemprichii and E. acoroides in the new site was about 12 months. In addition,
T. hemprichii was suitable for transplanted in Xincun lagoon, and E. acoroides
was suitable for transplanted in Gaolong bay. The results demonstrated that the
growth of transplanted seagrass was greatly affected by suspend solids and DIN.
The results of this study may provide data support and scientific basis for seagrass
transplantation in South China.
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1 Introduction

Seagrasses are flowering plants that grow predominantly in
coastal areas, such as bays and lagoons. They play an important role
in marine ecosystems (Duarte and Krause-Jensen, 2017). The
seagrass can reduce water flow, stabilize sediment. Seagrass in
coastal waters provide habitat and nursery for fish and
invertebrates (Duarte and Chiscano, 1999), supply food for large
herbivores (Klumpp et al., 1993). Also, seagrass play an important
role in the nutrition transfer, nitrogen fixation and maintain the
physical and chemical properties of marine organisms (Van de
Koppel et al., 2015; Lee et al., 2016; Nordlund et al., 2016; Jahnke
et al., 2019).

However, seagrass beds can be changed by both natural and
anthropogenic influences (Tan et al., 2020). Physical disturbance,
bitten by herbivore, intraspecific competition in seagrass, pollution
of nutrients and flood waters with sediment may influence the
biomass, distribution area and species composition of seagrass bed
(Rasheed, 2004; Rasheed et al., 2014). Anthropogenic influences,
such as coastal development, runoffs from coastal urban and
agricultural, discharge of untreated sewage and industrial
wastewater, have led to extensive losses of seagrasses shallows
located near estuaries and coasts (Huang et al., 2006; Waycott
et al., 2009; Arias-Ortiz et al.,, 2018). This reinforces the need for
seagrass restoration that would lead to a reduction in the loss of
seagrass and an enhancement of biodiversity in these important
coastal ecosystems.

Various of seagrass habitat restoration methods have been
investigated in the past years, dependent on species (Fonseca
et al,, 1983). The common restoration methods include habitat
restoration (Tan et al., 2020), seed dispersal, and transplantation.
Habitat restoration may be a very slow process, taking a long time.
Since the high survival rate and growth rate, transplantation has
been considered as an effective way to slow down the degradation of
seagrass (Davis and Short, 1997; Orth et al., 1999; Fishman et al,,
2004; Paling et al., 2007; Park and Lee, 2007; Bastyan and
Cambridge, 2008). In the past few decades, transplantation have
been developed and attempted in many countries (Li et al., 2010),
and several transplantation have achieved successful, including
transplantation of “sod”, “plug” and “peat pots” (all the plant
materials and surrounding sediment were put into a peat pot,
then planted into sediment with an artificial supporting medium
or not), “staples” or “sprigs” (a length of rhizome including roots
and shoots, fixed into the sediment by a wire staple) (Keulen et al.,
2010). These seagrass transplantation methods have also been tried
on Zostera marina (Short et al., 2002), Posidonia oceanica (Calvo
et al,, 2021; Mancini et al., 2021), Zostera noltii (Van Katwijk et al.,
2009), Thalassia testudinum (Thorhaug, 1985), Halodule wrightii
(Phillips, 1974), Syringodium filiforme (Thorhaug, 1985), Posidonia
sinuosa (Paling et al., 2001), Amphibolis griffithii (Paling et al.,
2001), Posidonia australis (Bastyan and Cambridge, 2008),
Halophila ovalis (Kirkman, 1998) in the United States, Western
Australia and North America. In Korea, Zostera marina become the
most widely distributed seagrass species after transplantation (Park
and Lee, 2007; Lee and Park, 2008). A few seagrass restorations have
been trialed in China recent years. The restoration species include
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H. ovalis, Zostera japonica, Z. marina in Shandong province (Zhang
et al,, 2020). In Guangxi Zhuang Autonomous Region, the most
suitable species for seagrass transplantation are Z. japonica, H.
ovalis and Halophila beccarii, and the plug of transplantation
method is more practical in the intertidal zone of Guangxi
because of the higher survival rate (Qiu et al., 2014).

The total seagrass area of China (except Sansha city) is 11113.4
ha. The seagrass meadow in Hainan Province covers an area of
4457.0 ha, accounting for 40.0% of the total area (Li et al., 2022). Tt is
mainly distributed in the eastern and southern coast of Hainan
Province, such as Wenchang, Qionghai, Lingshui, and Sanya
(Huang et al., 2006; Jiang et al., 2017). Due to human activities,
such as artificial island construction, aquaculture and fishing,
eutrophication of sea water (Ruiz et al, 2001; Moksnes et al,
2008; Fang et al., 2018; Cui et al.,, 2021), the meadows have been
decling over the last year (Jiang et al., 2017). However, few studies
focuse on the transplantation methods and continuous
measurement of seagrass in Hainan province.

In this study, Thalassia hemprichii and Enhalus acoroides shoots
were transplanted into Gaolong bay and Xincun Lagoon in May
2019 to establish seagrass transplantion in Hainan province. The
physiological status of the transplanting were monitored every 4
months for a year. The survival rate, shoot formation rate, coverage
and shoot density of transplants were monitored every 3 months for
23 months. The successful application of the transplants techniques
not only provide practical guide for the meadow restoration in
South China, but also provide valuable references for other seagrass
species restoration.

2 Materials and methods
2.1 Study area

Gaolong bay (19°29'24.91”N, 110°48'53.66”E) is an open
shallow water area with high salinity which located off the
northeast coast of Hainan Island, China. The water exchanges
well, and with a good self-purification ability. The bottom
materials of Gaolong bay are predominantly coral debris, gravel,
and sand (Zhou et al, 2012). The mainly human activities are
fishing and building artificial islands.

Xincun lagoon (18°24'35.41”N, 110°0'38.90”E) is located on the
southeast coast of Hainan Island. Relatively, the water of Xincun
lagoon has low salinity and poor self-purification ability. The
bottom material is sand-mud (Moksnes et al., 2008). Fishing, cage
culture and ship anchoring are common in Xincun lagoon
(Figure 1; Table 1).

2.2 Collection of transplanting shoots

The branching rate of rhizomes is an important indicator of
seagrass cloning ability, a high branching rate indicating strong
seagrass cloning ability (Sintes et al., 2005). The branching and
rhizome elongation rates of T. hemprichii are higher than E.
acoroides (Figure 2) (Marba and Duarte, 1998). Although T.
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FIGURE 1
Seagrass restoration areas in Gaolong bay and Xincun lagoon, Hainan Island,
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hemprichii and E. acoroides were not the only dominant seagrass
species in Gaolong bay or Xincun lagoon, they possess strong
adaptability and high survival rates. Therefore, they were selected
for seagrass restoration in this study.

In order to reduce the destruction of seagrass original habitat,
meadows with areal extent more than 30 m> and coverage greater
than 80% were selected for donating shoots (Fang et al., 2018). All
the donor shoots were collected from a healthy seagrass bed located

TABLE 1 Comparison of habitats in Gaolong bay and Xincun lagoon.

Water
Bodies quality

Research | of Dominant
area water Sediment @ seagrass Aquaculture

in Lingshui Xincun lagoon seagrass special protected area (18°24’
42""N,109°57’58"'E), Hainan, China. The shoots were collected
individually manually to reduce damage to the seagrass bed. Each
transplanting shoot had three to five rhizome nodes and healthy
leaves. The collected transplanting shoots were temporarily stored
in large boxes with small quantity of cold seawater during transport
to the transplanting location, preventing shoots desiccation. All the
transplanting shoots were transplanted within 24 h.

Number of

fishing

vessels in Recreational | Land Pollution
the area activities reclamation emission

Thalassia
hemprichii,
coral debris, Class I sea
Gaolong bay open Bay gravel, water
sand and
Enhalus
acoroides fish, shrimp, crab

Thalassia fish, shrimp,
hemprichii, mussels,
. Class 1II sea Eucheuma
Xincun coastal .
mud- sand water muricatum, crab

lagoon lagoon

and
Enhalus

acoroides
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construction of

2517 ships artificial
island
aquaculture
beach excursions sewage
Monkey Island aquaculture
equipped with sewage, sewage
a marina and
1545 ships / household
wastes
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Average rhizome elongation
rates of Enhalus acoroides: 3cm/y

50cm

Enhalus acoroides

Branching rate and rhizome elongation rate of T. hemprichii and (E) acoroides. (A) T. hemprichii; (B) (E) acoroides

2.3 Transplantation method

To compare the restoration performance of T. hemprichii and E.
acoroides in Gaolong bay and Xincun lagoon, we selected the
transplant sites with similar habitat conditions.

The transplanting shoots were planted manually by scuba divers
through the frame method. We designed a fixing technique
represented by an iron transplanting frame specifically. The iron
transplanting frame was 1x 1 m, and divided internally into sixteen
small squares evenly, one transplanting shoots in each square. A
layer of fishing nets was attached on the surface of the transplanting
frame by cable ties. Four 15 cm triangular irons legs were welded to
the bottom of the transplanting frame at each of the corners. The
transplant frame was inserted into bottom materials to make sure
the transplanting shoots were anchored to the sediment (Figure 3).

Sixteen transplanting shoots were planted in each 1 x 1m
transplanting frame, named transplanting unit. The transplanting
unit was laid out in regular patterns, with the distance was 50 cm.
We called this “single-plant-fixed-distance transplantation”, which
was easy to conduct and less damage to surrounding habitats (Piazzi
et al., 2021).

From March to April 2019, 90 transplanting units of T. hemprichii
(including 1,440 transplanting shoots) and 10 transplanting units of E.
acoroides (including 160 transplanting shoots) were transplanted in
Gaolong bay. while 40 transplanting units of T. hemprichii and 60
transplanting units of E. acoroides were transplanted in Xincun lagoon,
including 640 and 960 transplanting shoots respectively.
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After transplantation, each transplanting unit was marked with
serial numbers, transplantation time and other information were
recorded. All the transplanting units placed were surrounded with
plastic garden mesh (5 x 5 cm mesh size).

2.4 Environmental parameters

Water temperature was monitored by Pen Type Water Quality
Meter (C-600, AZ Instrument Corp., Taiwan, China). To determine
water salinity, suspended solids, dissolved inorganic nitrogen (DIN
= nitrate + nitrite + ammonium) and dissolved inorganic phosphate
(DIP), three replicate surface water samples were collected every 4-
months by 200ml bottles. Water samples were stored on ice, then
transport to the laboratory. Each water sample was filtered through
Whatman GF/F filters (0.7 um pore size) immediately. The content
of suspended solids in the water was determined by weighing
method. The DIN and DIP contents of the seawater samples were
measured using standard colorimetric techniques by a
spectrophotometer (TU-1900, Metash Instruments Co., Ltd,
Shanghai, China). Nitrate, nitrite, ammonium and DIP were
measured by zinc cadmium reduction method, hydrochloride
naphthodiamide method, hypobromite oxidation method, and
phosphorus molybdenum blue spectrophotometry, respectively
(General Administration of Quality Supervision, 2008). Salinity
was monitored using a Lab Salinometer (SYA2-2, National Ocean
Technology Center, Tianjin, China).
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FIGURE 3
The “single-plant-fixed-distance transplantation” method and its
underwater application.

2.5 Monitoring of transplantation

Statistical analyses were performed on monitoring the survival rate,
shoot formation rate, coverage and shoot density of transplantation
every 2 or 3 months for 23 months, from May 2019 to Mar 2021. Due
to the Covid emergency, there was no monitoring in Dec 2020.

Survival rate (Renouard and Nisand, 2006): The percentage of
living shoots after transplanting establishment. The survival rate of
transplantation, which is the average of each transplanting unit, was
calculated as follows:

i1
L=§1:7(Ui/U)>< 100 %

In formula: L is seagrass survival rate (%), Ui is the number of
surviving shoots in the ith transplanting unit, and U is the total
number of transplanting shoots in each transplanting unit.
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Shoot formation rate: The percentage of transplanting rhizomes
with newly shoots. The shoot formation rate was estimated by
counting the number of transplanting rhizomes with newly shoots
or not respectively in each transplanting unit. The specific
calculations were as follows:

i1
B= }1;7(N1/U) x 100%

where, B is the seagrass propagation rate (%), Ni is the number
of transplanting rhizomes with newly shoots in the ith transplanting
unit, and U is the total number of shoots in each transplanting unit.
Coverage: The percentage of vertical projected area of vegetation
(including stems, branches and leaves) on the ground against the
total area of the transplanting unit. The coverage was estimate
through a photogrammetry-based Chinese patent “A method for
determining vegetation coverage based on grb and gridlines”.
Firstly, suit images of each transplanting unit were acquired by
scuba divers (Figure 4A). The color value of each pixel was changed
into Visible-band Difference Vegetation Index (VDVI) (VDVI = (2
x G -R-B)/(2 x G+ R+ B)), which is designed to distinguish green
vegetation (Wan et al., 2018; Ventura et al., 2022). Depending on
threshold setting to 0.25, an image object was determined whether
belonged to cover class, then this pixel was defined “vegetation
point” (Figure 4B). The suit image was added grid lines of 20 x 20
pixels (Figure 4C). To distinguish the vegetation from sediment, we
set two threshold values. When the “vegetation point” coverage was
over 80% of a grid, the grid would be defined “vegetation grid”. If
the “vegetation point” coverage was less than 20%, the grid would be
defined “background grid”. Finally, the coverage was estimated by
calculating the ratio of “vegetation grids” to total grids (Figure 4D).

Shoot density (Mancini et al., 2021): The number of shoots/m?.
It was estimated by counting the number of surviving shoots in each
transplanting unit (1 x 1 m).

2.6 Statistical analyses

All values were expressed as mean + standard error. Microsoft
office software was used to organize data and plot histograms.
Statistical analyses were performed using SPSS 26.0 (SPSS Inc.,
Chicago, Illinois, USA). Data were tested for normality and
homogeneity of variance to meet the assumptions of parametric
statistics. Significant differences among sampling months were
tested using a one-way analysis of variance (ANOVA) and least
significant difference (LSD). Pearson correlation analysis was used
to analyze the correlation of each parameter.

3 Results

3.1 Environmental parameters of
transplanted site

The water temperature showed a clear temporal variation, it was

high during summer and low during winter and spring. In Gaolong
bay, the highest value was 30.12° in Aug 2019, and lowest value was
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FIGURE 4

The method for determining vegetation coverage based on grb and gridlines. (A) the suit images of transplanting unit; (B) the color value of each
pixel in the suit images was changed into VDVI; (C) the grid lines of 20 x 20 pixels were added on image; (D) the coverage was estimated.
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26.1° in Dec 2019. In Xincun lagoon, the highest value was 31.80° in
Aug 2019, but the lowest value was 29.90° appeared in Apr 2020.
The average of water temperature changed significantly (P<0.001)
both in Gaolong bay and Xincun lagoon with sampling every 4-
months (Figure 5A; Supplementary Table S1).

The salinity was changed significantly (P<0.001) in Gaolong bay,
the lowest value was 32.5723 in Apr 2019 while the highest was 33.9659
in Aug 2019. The salinity in Xincun lagoon showed the same variation
pattern, with the highest value of 33.3534 in Aug 2019, but the lowest
value 31.7700 appeared in Apr 2020 (Figure 5B; Supplementary Table
S1). Overall, the salinity in summer was slightly higher than in other
seasons, due to the rainfall and temperature.

The contents of suspend solids were increased from spring to
winter both in Gaolong bay and Xincun lagoon. The highest value

were 13.2733 mg/L and 8.5033 mg/L respectively in Gaolong bay
and Xincun lagoon in Dec 2019, while the lowest values were 5.5000
mg/L in Gaolong bay in Apr 2019 and 4.7233 mg/L in Xincun
lagoon in Apr 2020 (Figure 5C; Supplementary Table S1).

The water inorganic nutrients (DIN and DIP) concentrations
were showed significantly (P<0.001) temporal variation in Gaolong
bay. DIN concentration was highest (0.1077 mg/L) in Aug 2019 and
lowest (0.0120 mg/L) in Apr 2020 (Figure 5D; Supplementary Table
S1). DIP concentration was highest (0.0081 mg/L) in Aug 2019 and
lowest (0.0012 mg/L) in Apr 2019 (Figure 5E; Supplementary Table
S1). The water inorganic nutrients in Xincun lagoon were changed
significantly (P<0.001) with sampling every 4 months, but did not
show seasonal variation pattern (Figures 5D, E; Supplementary
Table S1). In Gaolong bay, the higher water inorganic nutrients
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Seasonal changes in environmental parameters of transplanted site from Apr 2019 to Apr 2020. (A) water temperature;

solids; (D) DIN; (E) DIP.
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concentrations in summer may be related to the water pollution
caused by over culture fisheries.

3.2 Comparison of transplantation
performance of T. hemprichii

The survival rate of T. hemprichii transplanted in Gaolong bay
and Xincun lagoon showed the same variation pattern. It was
decline sharply at the first 13 months, then increased gradually.
The survival rate of T. hemprichii transplanted in Gaolong bay was
highest (90.42%) in May 2019 and lowest (56.18%) in Jun 2020, the
highest and lowest value were 99.53% and 51.25% respectively in
Xincun lagoon. The survival rate of T. hemprichii approached 70%
by Mar 2021 both in Gaolong bay and Xincun (Figure 6A).

The shoot formation rate of T. hemprichii decreased firstly, the
lowest value appears in Nov 2019 in Gaolong bay and from Nov 2019
to Jun 2020 in Xincun lagoon. Then the shoot formation rate of T.
hemprichii increased rapidly, especially transplanted in Gaolong bay.
After 18 months, the shoot formation rate of T. hemprichii transplanted
in Xincun lagoon decreased sharply in Oct 2020, and it was only 2.03%
in Mar 2021, while the shoot formation rate of T. hemprichii
transplanted in Gaolong bay was as high as 66.25% (Figure 6B).

Coverage and shoot density are important indicators of seagrass
community monitoring (Hashemi et al., 2005). The coverage and
shoot density of T. hemprichii transplanted in Gaolong bay and
Xincun lagoon were changed slightly, and with no obvious variation
trend. After 23 months, the coverage of T. hemprichii transplanted
in Gaolong bay and Xincun lagoon were 5% and 8.1%, the shoot
density was 11.26 shoots/m® and 14.9 shoots/m? respectively
(Figures 6C, D).

The survival rate, shoot formation rate, coverage and shoot
density changed significantly (P<0.001) with sampling every 2 or 3
months (Supplementary Tables S2, S3).

10.3389/fmars.2023.1294779

3.3 Comparison of transplantation
performance of E. acoroides

The survival rate of E. acoroides transplanted in Gaolong bay and
Xincun lagoon showed a trend of slight decline and then rise. The
survival rates were all above 90% except Apr 2020 in Gaolong bay. The
survival rates were highest in Nov 2019 in Gaolong bay (100.00%) and in
May 2019 in Xincun (99.17%), the lowest value appeared in Apr 2020 in
Gaolong bay (88.75%) and in Jun 2020 in Xincun (90.63%) (Figure 6E).

The shoot formation rate was less than 5% until summer 2020
both in Gaolong bay and Xincun lagoon, then increased gradually.
The highest value arose in Mar 2021, 14.38% and 11.35% respectively
in Gaolong bay and Xincun lagoon (Figure 6F). The shoot formation
rate changed significantly (P<0.001) with samplings.

The coverage of E. acoroides transplanted in Gaolong bay declined
slightly before Aug 2019, the value was 19.70%. Then the coverage
increased gradually, maintain the coverage at 21.90% from Apr 2020.
In Xincun lagoon, the coverage declined from 19.88% to 14.97% until
Jun 2020, then increased to 16.18% in Mar 2021 (Figure 6G).

The shoot density of E. acoroides declined first, and then risesd
both in Gaolong bay and Xincun lagoon, and the mean shoot
density remained around 15 shoots/m?. In Mar 2021, the shoot
density was 15.50 shoots/m> and 14.90 shoots/m* respectively in
Gaolong bay and Xincun lagoon (Figure 6H).

The difference of survival rate, coverage and shoot density
among samplings was not significant (P>0.05) (Supplementary
Tables S2, S3).

3.4 Analysis of significant differences
between species in the same region

Independent sample t-test was used to analyze the survival rate,
shoot formation rate, coverage and shoot density of T. hemprichii
and E. acoroides after 23 months of transplantion.
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Both in Gaolong Bay and Xincun lagoon, the survival rate,
coverage and shoot density of E. acoroides were significantly higher
than that of T. hemprichii (p<0.0001). The results indicating that E.
acoroides was more likely to survive than T. hemprichii both in
Gaolong bay and Xincun lagoon. Interestingly, T. hemprichii
showed a stronger shoot formation ability, the shoot formation
rate of T. hemprichii was significantly higher than that of E.
acoroides (t=7.717, p<0.001).

3.5 Analysis of significant differences
between regions of the same species

Independent sample t-test was used to analyze the survival rate,
shoot formation rate, coverage and shoot density of in Gaolong bay
and Xincun lagoon after 23 months of transplantion.

There was no significant difference in survival rate and shoot
density of T. hemprichii between transplanted in Gaolong bay and
Xincun lagoon (p>0.05). But the shoot formation rate in Gaolong
bay was significantly higher than in Xincun lagoon (#=8.601,
p<0.0001), the coverage showed the opposite result (t=-
3.941, p<0.0001).

Similarly, there was no significant difference in survival rate,
shoot formation rate and shoot density of E. acoroides between
transplanted in Gaolong bay and Xincun lagoon (p>0.05). Only the
coverage of Gaolong bay was significantly higher than that of
Xincun lagoon (#=0.042, p=0.008).

Considering the final effectiveness of transplantion, we thought
that T. hemprichii was suitable for transplanted in Xincun lagoon,
and E. acoroides was suitable for transplanted in Gaolong
bay (Figure 7).

Gaolong bay

E. acoroides

T. hemprichii

Apr 2019

Dec 2019 |

Apr 2020

FIGURE 7
Underwater view of the transplanting area.

Frontiers in Marine Science

08

10.3389/fmars.2023.1294779

3.6 Correlation analysis

The survival rate, shoot formation rate, coverage and shoot
density of transplantion were taken into pertinence analysis with
environmental parameters. The results showed that, there was no
relationship of contents of suspend solids, DIN, DIN, and N:P ratio
with survival rate, coverage and shoot density of transplantion in
Gaolong bay (Figure 8A). While in Xincun lagoon, content of
suspend solids and DIN had both significant negative correlations
with shoot density (Figure 8B).

4 Discussion

4.1 The parameters in assessing success of
seagrass transplantation

In order to promote effective restoration, there must be a clear
definition of the success of seagrass transplantation. A number of
criteria were used to evaluate the success of seagrass transplantation
(Table 2). Usually, more than one parameter was considered to assess
whether the ecological function of seagrass have been recovered after
transplanted. Many parameters of habitat functions, such as
abundance, composition, complexity of benthic organisms of the
seagrass community and macroalgal were monitored in seagrass
transplantation studies (Fonseca et al., 1996). We monitored the
survival rate, shoot formation rate, coverage and shoot density to
examine establishment of seagrass transplantation in this study.

The percentage of transplanting units surviving was the most
common criteria (Fonseca et al., 1998), and was expressed as a
percentage of the original number. When transplanting seagrasses,

Xincun lagoon

T. hemprichii E. acoroides
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it is inevitable to sever the root and rhizome tissues of the donor
shoots, especially in bare-root transplanting method, such as the
staple method, TERFS method, and shell method (Fonseca et al.,
1996; Calumpong and Fonseca, 2001; Short et al.,, 2002; Lee and
Park, 2008; Cambridge and Kendrick, 2009). Sedimentassociated
seagrass transplantiation methods, such as plug, sod, and core
methods, have less impact on transplanting during the first 1-2
months. In this study, the survival rate of transplantation declined
rapidly in first one year after transplantation, especially forT.
hemprichii, which may be due to damage to underground tissues.
The initial stress caused by root and rhizome tissues damage may
lead to physiological and morphological changes of transplantation
shoots (Struve et al., 2000). It was reported that, the photosynthetic
efficiency of P. sinuosa (Horn et al., 2009), and the leaf length and
width of T. testudinum decreased (Tussenbroek, 1996) after
transplanting for 1-2 months. However, in this study, we did not
observe significant changes in the morphology of transplantation
shoots. After almost two years, more than 65% of T. hemprichii and

TABLE 2 List of ten most used parameters in transplantation
monitoring studies.

Definition

Monitoring

Parameter

Monitoring Irregular time intervals were selected for monitoring

frequency after a transplanting location.

Survival rate The survival rate of the transplanting unit.

Direct count the number of shoots in the
transplanting unit.

Number of shoot

Shoot density The density of the transplanting units.

Coverage The coverage of the transplanting units.
Leaf length Direct measure the length of seagrass leaf.
Leaf width Direct measure the width of seagrass leaf.

Rhizome length Direct measure the total length of living rhizome.

Directm mapping A Photograph of the actual transplanting unit for the

covered area.

Biomass The weight of seaweed in a given area.
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90% of E. acoroides were still alive, thanks to the seagrass shoots
immobilized into the sediment.

Fonseca et al. (1998) thought that, random samples should be
taken to measure the number of new shoots, because the addition of
new shoots was a more accurate way to assess asexual reproductive
activity of transplanting. Compared with sexual reproduction,
clonal reproduction is the main way to maintain the regeneration
and stability of seagrass population (Harwell and Rhode, 2007). In
this study, we calculated shoot formation rate in place of shoots
number. The shoot formation rates of transplants were less than 5%
during first 5-6 months after transplantation. The low shoot
formation rates may be due to transplanting damage in the initial
months. From Nov 2020, the shoot formation rates increased
greatly, indicated that, the transplanted plants had spread to
where they lived and had been colonized successfully. However,
for the seagrass plants with interlaced rhizomes, shoot formation
rate may not be a good indicator.

The coverage usually measured by a 50 x 50 cm quadrat which
divided into 5 x 5 cm grids. The quadrat randomly placed on the
transplanting unit. The total number of seagrass shoots ina 5 x 5
cm grids was converted to the coverage of per square meter. In this
study, we reduced the time of scuba diving spent underwater by
measuring the coverage using a photogrammetry-based method.

Due to the damage of transplantation shoots, the shoot density
usually decreases at the initial stage of transplantation, and then
increases with the formation of lateral shoots (Orth et al., 1999; Park
and Lee, 2007; Bastyan and Cambridge, 2008; Lee and Park, 2008).
Thus, the increase of shoot density was an indicator of successful
establishment of transplanting. However, in this study, the shoot
density of T. hemprichii transplanted in Xincun lagoon and the shoot
density of E. acoroides transplanted in Gaolong bay and Xincun
lagoon did not decline during the early period of transplantation.
Thus, we considered that, transplant establishment success could not
be evaluated by just one indicator. Finally, we monitored the survival
rate, shoot formation rate, coverage and shoot density, prominent
change in morphology and growth of shoots to examine whether e
seagrass transplantation was established successfully.

It was often thought that different species of seagrass
transplantations took different times to establish successful
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transplantation in new locations (Campbell and Paling, 2003; Horn
et al.,, 2009). Z. marina transplantation generally required a shorter
establishment time compared to other seagrass species (Paling et al.,
2007; Park and Lee, 2007). Different transplanting methods leaded
to different establishment time of the same seagrass specie, even in
the same location (Fonseca et al., 1996; Paling et al., 2001; Campbell
and Paling, 2003; Horn et al., 2009). Park and Lee (2007) reported
that, establishment time for Z. marina transplanting required 1.0-
2.3 months by staple method, TERFS method took 2.2-2.6 months,
and shell method took 3.2-3.7 months by. Based on the
measurements of survival rate, shoot formation rate, coverage and
shoot density, we concluded that transplantation established
successfully of T. hemprichii and E. acoroides in the new site was
about 12 months after transplantation. Because T. hemprichii and E.
acoroides were hardly used in transplantation, we were unable to
compare the results with other reports.

4.2 The influencing factors of
seagrass transplantation

The survival and growth of transplanted seagrass plants were
influenced by numerous factors, such as various environmental
factors and human activities.

Water temperature is an important factor affecting the
distribution and growth of seagrass (Robertson and Mann, 1984;
Han et al,, 2012). The heat tolerance of seagrass and the optimum
temperatures of photosynthesis, respiration, and growth seagrass
decided the direct effects of temperature changes. Under optimal
growth temperature, water temperature was positive correlated to the
shoot density, photosynthetic efficiency, and leaf growth rate of T.
hemprichii strongly (Liu et al., 2020). With further rising temperature,
the increase of leaf respiration rate was faster than the increase of
photosynthetic rate, resulting in the continuous decline of
photosynthetic respiration ratio, which destroyed the balance
between photosynthetic rate and respiratory rate (Zimmerman
et al., 1989). However, the correlation between seasonal water
temperature and seagrass growth was weak in this study. We
thought that, water temperatures during spring and autumn were
within the optimum growth temperature range for T. hemprichii and
E. acoroides, increased water temperatures may enhance seagrass
productivities. However, the increased water temperature in summer
exceeded the optimum temperature for seagrass growth, reduced the
productivities of seagrass. Therefore, the seasonal variations between
water temperature and seagrass productivity maybe cancel each other
out. This conclusion is consistent with previous research (Barber and
Behrens, 1985; Lee et al., 2005).

Salinity is a main environmental factor affecting the structure
and function of seagrass community. Salinity change will have
impact on seed germination, shoots formation, photosynthesis
and respiration, growth and biomass distribution of seagrass,
resulting distribution changes. At low salinities, although seagrass
photosynthesis was maintained, productivity reduced by 20%.
Higher than optimal salinity can also negatively affect seagrass.
Under hypersaline conditions, production and biomass of A.
antarctica decreasd (Walker, 1985). Because salt stress may limit
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growth by underexpanding cells and inhibiting the photosynthates
and proteins. In our study, salinity of transplant sites was suitable
for T. hemprichii and E. acoroides, no correlation between salinity
and transplantation performance were observed.

The most immediate effect of an increase of suspend solids is a
reduction in available light reaching the seagrass beds. Experimental
studies had shown that, the decrease of light reduced plant size,
leaves number of individual shoots, shoot density, leaf width and
growth rate of seagrass, and increased in leaf length (Cambridge and
Kendrick, 2009). In this study, when the content of suspend solids
reached the highest value in Dec 2019, the survival rate, shoot
formation rate and shoot density of T. hemprichii were at low level.
Furthermore, we found a significant inverse correlation between the
suspend solids and the shoot density in Xincun lagoon, meaning the
higher suspend solids, the lower photosynthetic efficiency,
ultimately leaded to lower shoot density.

The productivity of persistent seagrasses depends on the
availability of nutrients, including water and sediment nutrients.
It is usually considered that, sediment pore water is the main source
of nutrients for seagrasses, because of the higher concentrations of
nutrient compared to the surface water. However, studies have
shown that seagrass can absorb nutrients through leaves and root
tissue, seawater and sedimen nutrients contributed equally (Ilizumi
and Hattori, 1982; Lee and Dunton, 1999). To nutrient limited
plants, the typical responses to N and/or P supplying were increases
of shoot size, productivities, and biomass (Bulthuis et al., 1992; Lee
and Dunton, 2000). But seagrass growth is not always limited by the
concentration of nutrients in the surrounding environment, as
increased nutrient supply has a limited effect on seagrass growth
sometimes (Dennison et al., 1987; Lee and Dunton, 2000). Seagrass
production may have little relationship with water nutrients (Lee
and Dunton, 2000). Stimulated by phytoplanktonic, epiphytic and
macroalgal growth, elevated water nutrient levels may have indirect
negative effect on seagrasses. Due to water column nutrient
enrichment, the primary producers throve, resulting in less light
available to seagrasses. This conclusion was demonstrated by
Burkholder et al. (1992) in Z. marina. For the same reason, DIN
was significant negative correlations with shoot density in Xincun
lagoon in this study.

Sediment types and grain-size characteristics have a great effect
on the growth of seagrass (Eckrich and Holmquist, 2000). Park and
Lee (2007) evaluated the feasibility and efficiency of Z. marina
transplanting methods based on sediment type at different
transplantation site. The results show that, the survival rate of
shell method was higher in muddy (81.3%) and silty sediments
(76.5%), and lower in sandy sediments (5.0%); While, both staple
method and TERFS method had higher transplant survival rate. In
this study, Gaolong bay was characterized by high coral debris,
gravel and sand content in the sediment, whereas Xincun lagoon
had mud and sand. Seagrass rhizomes transplanted by “singleplant-
fixed-distance transplantation” method were inserted into the
sediment firmly. There was no significant difference in survival
rate and shoot density of seagrass between transplanted in Gaolong
bay and Xincun lagoon after 23 months of transplantion. Our
experiment shows that, an appropriate fixing technique is essential
if transplantation is to be successful.
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Over the last decade, seagrass beds are under a number of
threats, particularly from human causes, such as shrimp and fish
farming, shellfish harvesting, fishing through poisons, electricity
and explosives, as well as trawling, pollution of aquaculture
wastewater and dredging. Thankfully, this study was carried out
without any human influence due to the plastic garden mesh set up
around the transplanting area. The transplantation actions and
protection measures for seagrass beds will play a positive role in
reducing seagrass loss, optimizing biodiversity of seagrass bed, and
enhancing ecosystem service (Possingham et al., 2015), especially
for slow-growing species such as T. hemprichii and E. acoroides.
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