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Assessment of the establishment
success of surfgrass Phyllospadix
iwatensis from shoots in a leaf
trimming method: implications
for large-scale restoration

Jie Sun1, Fan-Shu Luo1, Guo-Xu Yu2, Hong-Yu Zhang1,
Wen-Tao Li1 and Pei-Dong Zhang1*

1Key Laboratory of Mariculture (Ocean University of China), Ministry of Education, Qingdao, China,
2The Marine Ecological Civilization Comprehensive Experimental Area of Changdao, Yantai, China
Phyllospadix spp. play a crucial role in the supply of ecosystem services in rocky

shores, but they have been rapidly reduced because of natural and

anthropogenic causes. Since Phyllospadix spp. are attached to rocks in the surf

zone with a strong hydrodynamic condition, their transplanted shoots easily

disappear due to the high current velocity, resulting in the failure of

transplantation. We described a leaf trimming method for transplanting shoots

of surfgrass Phyllospadix iwatensis and evaluated the method’s establishment

success for potential use in large-scale restoration projects. A 30-day laboratory

experiment was conducted to determine the effect of leaf trimming on shoot

survival, growth, and physiology. Successful establishment of new patches from

shoots transplanted with the leaf trimming method was assessed through a

shoot-transplanting field experiment over 15 months. The survival of P. iwatensis

shoots was not significantly affected by the leaf trimming proportion of 10%–

60%. The leaf elongation rate and total leaf area of the shoots exposed to 10%–

50% leaf trimming reached or exceeded those of the control at the end of the

laboratory experiment; however, the growth of the shoots under 60% leaf

trimming was significantly lower than those under the control (p < 0.05). The

soluble sugar and starch contents of the shoots also displayed a similar trend to

the growth, with the lowest values attained at 60% of leaf trimming. The survival

rate of shoots exposed to 50% leaf trimming treatment was 70% after 15 months

following transplantation, which was 1.23 times higher than that of shoots in the

control (p < 0.05). The shoot height in the 50% leaf trimming treatment was 1.02

times higher than that of shoots in the control at the end of the field experiment.

There were no significant differences in photosynthetic pigment contents of P.

iwatensis shoots between the leaf trimming treatment and the control (p > 0.05).

Our study suggested that the leaf trimming method is an efficient restoration

technique for the transplantation of P. iwatensis shoots, and is potentially useful

in facilitating large-scale restoration projects.
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1 Introduction

As one of the most important coastal ecosystems, seagrass

meadows serve pivotal roles in providing important ecosystem

services such as forming habitat for marine species (Duarte and

Chiscano, 1999; Lefcheck et al., 2019; Unsworth et al., 2019),

improving seawater clarity (Moore, 2004; Potouroglou et al.,

2017), carbon sequestration (Fourqurean et al., 2012; Duarte

et al., 2013), and pathogenic bacteria removal (Lamb et al., 2017).

However, seagrass meadows have been reduced rapidly worldwide

by ~30% during the past century due to environmental changes and

human intervention (Orth et al., 2006; Waycott et al., 2009; Dunic

et al., 2021; Xu et al., 2021). In view of the vital ecological service

value of seagrass meadows, including plant transplantation and seed

sowing, diverse strategies have been implemented to mitigate these

declines (Orth et al., 1999; van Katwijk et al., 2016; Tan et al., 2020;

Deng et al., 2022).

Surfgrass (Phyllospadix spp.) includes five seagrass species, all of

which are found in temperate coastal areas (McKenzie et al., 2020).

Three of five species, P. torreyi, P. scouleri, and P. serrulatus, are

usually distributed on the Pacific coast of North America (Phillips,

1979), while P. japonicus and P. iwatensismainly grow in the coastal

areas of Northeast Asia (Park and Lee, 2014; Zheng et al., 2013). The

Phyllospadix spp. live and attach to rocks in the surf zone and have

distinct morphological adaptations compared with seagrasses that

grow in soft substrates. Their rhizomes are cespitose and contain a

large number of fibrous roots with dense short root hairs, which

significantly increase the area of fixation between the fibrous roots

and the rock, allowing them to anchor themselves on the rocks (Cox

et al., 1992; Reed et al., 1998).

Phyllospadix spp. have higher leaf productivity compared with

other seagrass species. For example, Kim et al. (2018) indicated that

the leaf productivity of P. iwatensis was 5–48 times higher than that

of Thalassia testudinum and 4.4–8.5 times higher than that of

Zostera japonica (Fourqurean et al., 2001; Shafer et al., 2008). The

complex physical habitats of Phyllospadix meadow play an

important role in the improvement of environment and

community structure in the nearshore rocky coastal ecosystem.

Shelton (2010) found that once Phyllospadix spp. are removed from

tidepools, the temperature of the pools will be 10°C higher than that

of the control, leading to alterations in invertebrate community

composition and a significant loss in biological abundance,

indicating that Phyllospadix spp. play a crucial role in stabilizing

and mitigating intertidal habitats. However, surfgrass meadows are

sensitive to human disturbance due to their unique ecological

characteristics, resulting in serious habitat losses. The area of

surfgrass meadows along the eastern coast of Korea has dropped

by more than 80% compared with the area in pre-1970s (Park et al.,

2018). Phyllospadix spp. were once widespread in Shandong

province, China, but most of them have now disappeared (Zheng

et al., 2013). The International Union for the Conservation of

Nature (IUCN) Red List has classified P. japonicus and P.
Frontiers in Marine Science 02
iwatensis as endangered species and vulnerable species,

respectively (Short et al., 2011).

In the last decades, a variety of seagrass restoration techniques

have been implemented, including seed planting and shoot

transplantation. However, these restoration efforts mostly focused

on seagrasses that grow on soft substrates with gentle flows, such as

Zostera marina, Enhalus acoroides, and Posidonia oceanica (Zhang

et al., 2015; Curiel et al., 2021; Li et al., 2021; Zhang et al., 2022b).

Surfgrass communities have typically extreme female-biased sex

ratios (Cox et al., 1992; Williams, 1995); thus, it is difficult to restore

the degraded Phyllopadix spp. through seed planting. Hence, shoot

transplantation is the most important method to mitigate the

decline of Phyllopadix meadows. Because surfgrass grows on rock

matrix in a high-energy, fast-flowing environment (Park and Lee,

2009), the fixation method of their transplanted plants is crucial for

the success of transplantation. Bull et al. (2004) revealed that the

survival rate of P. torreyi seedlings placed on nylon ropes was lower

than 5% 6 months after transplantation, but the survival rate

increased to 47%–71% when the transplanted sprigs were glued to

the reef with epoxy. Also, several studies indicated that the survival

rate of P. japonicus was as high as 96%–98% by using a wire net or

artificial underwater structure to anchor the seedlings to the

substrate (Park and Lee, 2014; Park et al., 2018). However, these

methods were labor- and material-consuming, which may limit

their potential use in large-scale restoration projects.

Hydrodynamic forces caused by currents and waves can lead to

strong damage to aquatic plants and even uproot those plants

(Bornette and Puijalon, 2011). The physical drag forces that apply

to the aquatic plants are proportional to the area of the plants and the

flow velocity (Carmen et al., 2016). Therefore, plants with smaller leaf

areas and more linear leaves would be subject to less drag forces and

thus have a lower risk of being removed under conditions of high

flow velocity. Bull et al. (2004) evaluated the effect of leaf trimming on

the dislodgement of transplanted P. japonicus sprigs and indicated

that trimming the leaves of the sprigs to 20 cm in length before

attachment could reduce the drag force and thus increase the fixation

of the transplants. This research revealed that trimming leaves to

reduce drag was a necessary condition for effective attachment of

surfgrass transplants. However, the leaves of the sprigs in the research

were only trimmed to 20 cm in length; an optimum leaf trimming

method is still unclear.

P. iwatensis is the dominant species of surfgrass in temperate

zones and mainly distributed in the littoral zone of Northeast Asia

(Short et al., 2007; McKenzie et al., 2020). In the present study, we

describe a leaf trimming method of transplanting P. iwatensis

shoots for potential use in large-scale restoration projects. Our

aims are to (i) determine the optimum proportion of leaf trimming

through a cultivation experiment over a 30-day period focusing on

shoot survival, growth, and physiology, and (ii) assess the

effectiveness of this method to increase the successful

establishment of new patches by the transplants through a shoot-

transplanting field experiment over 15 months.
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2 Materials and methods

2.1 Experimental site

The study was conducted in Mashanli Bay (37°19.3′ N, 122°
35.3′ E) on the eastern coast of the Shandong Peninsula, China. The

habitat in this area is complex and diverse, including seagrass beds,

rock reefs, bare sands, and artificial concrete reefs. The area of

seagrass beds is 58.26 hm2, and P. iwatensis is estimated to occupy

approximately 93.5% of the area (Deng et al., 2022). This study was

conducted in bare areas adjacent to patches of P. iwatensis on

rocky substrates.
2.2 Plant collection

Forty 5 cm × 5 cm patches of plants with attached roots and

rhizomes were gently collected by hand with a collecting density of

one patch per approximately 50 m2 from a 50 × 50 m donor bed of

P. iwatensis in Mashanli coast using SCUBA in July 2019. The total

area of these patches was 0.1 m2, which was only 0.004% of the area

of the donor bed, and thus the collection of the patches did not have

a detrimental effect on donor populations. During plant collection,

the water temperature of the seagrass bed was 25 ± 0.8°C and the

salinity was 31 ± 1.0 PSU. The patches were immediately placed in

boxes and transported to the aquaculture farm within 2 h. Patches

were held in the farm for 5 days for shoot acclimatization in a 12 m

× 1.5 m × 1.2 m (length × width × height) concrete tank with

flowing seawater at a temperature of 25 ± 1.0°C, under natural light

conditions (13,655 ± 3 lux), and at a salinity of 31 ± 1 PSU until

prepared for the experiment. The P. iwatensis shoots for the field

experiment were collected in June 2020 with the same site and

method described above.
2.3 Effect of leaf trimming on shoot
survival, growth, and physiology

To establish whether leaf trimming affected the survival,

growth, and physiology of P. iwatensis shoots, a 30-day

cultivation experiment was conducted under controlled

mesocosm conditions. Seven different proportions of leaf

trimming (0% [reference], 10%, 20%, 30%, 40%, 50%, and 60% of

the longest leaf with a corresponding average leaf length of 51.8 cm,
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46.6 cm, 41.4 cm, 36.3 cm, 31.1 cm, 25.9 cm, and 20.7 cm,

respectively) were set in this experiment. A total of 35 patches

were randomly selected from those that had been acclimated to

mesocosm conditions over 5 days, and then made into grass plugs

of 5 cm × 5 cm in the rhizome coverage area with 9–15 shoots each.

The shoot height of each shoot was measured and the average value

was 60.6 cm. These plugs were randomly divided into seven groups

of five plugs each. Five replicates were prepared for each treatment.

All shoots were marked for leaf growth estimations using the leaf

punching method (Short and Duarte, 2001). The leaves of the

shoots in each treatment were trimmed using scissors with the

designed proportions. A plug was fixed on a 15 cm × 10 cm concrete

block by passing the aboveground tissues through a polyethylene

net with a hole in the center and then tying the net on the block with

nylon ropes at both ends of the block (Figure 1). The number of

shoots in each plug was counted and the block was marked with

digits using red paint.

The experiment was conducted in a 12 m × 1.5 m × 1.2 m

(length × width × height) concrete tank with a circulating-water

system, a transport tank with a 400-W aquarium pump (with a flow

capacity of 2,000 L h−1) for recycling water, and a programmed

temperature controller for the holding of the water temperature.

The position of the plugs in the tank was changed randomly every

day to reduce the error in light intensity. During the course of the

experiment, the water depth, salinity, and temperature of the water

in the tank were maintained at 1.0 m, 31 ± 1 PSU, and 25 ± 1°C,

respectively. Salinity and temperature were checked daily using a

portable refractometer (Atago) and a mercury thermometer. The

water in the tank was renewed daily at a rate of 20%.

At the end of the experiment, the number of shoots in each plug

was counted, and the survival rate of P. iwatensis shoots in each

treatment was calculated as the number of shoots that were still

alive at the end of the experiment over the number of shoots

transplanted at the beginning of the experiment. Four shoots were

randomly collected from each plug for morphological and growth

analysis. Newly formed leaf segments (those without the mark) were

separated from the shoots and washed with tap water. The

morphometrics of new leaf segments were analyzed by measuring

leaf length (cm) and leaf width (cm). The total leaf area (TLA, cm2

shoot−1) and leaf elongation rate (LER, cm shoot−1 day−1) were also

calculated to estimate the shoot dynamic properties according to

Zhang et al. (2022a). Six shoots were randomly collected from each

treatment to analyze the pigment contents of the leaves. Three

shoots were randomly collected from each treatment to analyze the
A B C

FIGURE 1

The process of leaf trimming. (A) Leaf trimming; (B) fixation of grass plug; (C) cultivation of grass plugs.
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non-structural carbohydrate contents (soluble sugar and starch) of

the leaves. The remainder were used for analysis of proline content

of the leaves. The analysis of the physiological parameters was

referenced to the methods as described by Xiao and Wang (2005)

and Zhang et al. (2022a).
2.4 Assessment of the successful
establishment of new patches

Based on the results of the laboratory experiment, two leaf

trimming treatments (0% of the longest leaf with an average leaf

length of 47.8 cm, control group; 50% of the longest leaf with an

average leaf length of 28.1 cm, leaf trimming group) were set in the

field experiment. Twelve replicates were prepared for each leaf

trimming treatment.

For the field transplantation, 12 transplant reefs with 96 kg in

average weight each were designed and made using concrete and

rebar into 60 cm × 40 cm × 20 cm (length × width × height) frames.

Then, the reef was made into a groove structure (40 cm × 30 cm ×

8 cm in length × width × height) and attached with four steel rings

for transportation, lifting, and deployment (Figure 2A). These reefs

were kept submerged in seawater for 30 days until the shoots

were planted.

A total of 500 P. iwatensis shoots were collected in June 2020.

Twenty shoots were randomly collected from these shoots and were

analyzed for morphological characteristics and pigment contents of

the leaves. Then, the remanent shoots, with an average shoot height

of 56.2 cm, were randomly divided into 24 groups of 20 shoots each.

Twelve groups were randomly collected and the leaves of the shoots

in each group were trimmed with a proportion of 50% of the longest

leaf using scissors.
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To avoid the effect of the deployment location of reefs on the

growth of transplants, the shoots of the two treatments in each

replicate were transplanted in the same reef. The area of the groove

structure of each transplant reef was equally divided into two parts,

and one of the two parts was randomly selected and used for the leaf

trimming group, the other for the reference group. The side of the

reef transplanted with the leaf trimming group was marked with red

paint to distinguish it from the reference group (Figure 2B). The

rhizomes of the shoots were attached using epoxy resin on the

surface of the groove structure of the reef. The end of the rhizome

was exposed at least 1 cm outside the epoxy resin (Figure 2B). Then,

the reefs were kept submerged in seawater for 2 h to allow the epoxy

resin to solidify and harden. Subsequently, these reefs were

transported and deployed into the experimental site in Mashanli

Bay in June 2020 (Figures 2C, D). These reefs were arranged into a 2

× 6 grid by placing 12 reefs one by one within a 2 m × 4 m flat,

unvegetated sediment transect with a water depth of 2.5 m on

neaps. A permanent buoy was fixed to the seabed near the transect

using a steel stake as a marker.

On months 1, 2, 3, and 15 after planting, the number of shoots

in each reef was counted using SCUBA, and the percentage of

shoots that survived in each leaf trimming treatment was calculated.

On each visit, three reefs were randomly selected from the deployed

reefs, and the shoots were carefully separated from the reef using a

small shovel. These shoots in each treatment were rinsed

thoroughly in seawater to remove the sediments and other debris.

The samples were then placed in sealed polythene bags, marked

using a marking pen, transported to the laboratory, and stored at 4°

C before being sorted for analysis. In the laboratory, shoots in the

reef were counted to correct the potential error in the survival

estimate obtained by SCUBA observation. The samples were sorted,

gently cleaned with gauze to remove epiphytes, and washed with tap
A B

DC

FIGURE 2

Artificial transplant reefs used in the field experiment. (A) Structure of transplant reef; (B) transplanting unit; (C) image of transplant reefs; (D)
underwater image of transplant reef.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1165354
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Sun et al. 10.3389/fmars.2023.1165354
water. Morphometrics were analyzed by measuring shoot height,

leaf width, and leaf length (cm). The TLA was determined as the

sum of all the leaf areas of each shoot, which was calculated by

multiplying the length and width of each leaf. Subsequently, four

shoots were randomly collected from each treatment to analyze the

pigment contents of the leaves using the method described above.
2.5 Statistical analysis

All data and errors in tables and figures were reported as means

± SD. Data were tested with one-way analysis of variance (ANOVA)

to analyze the effect of different leaf trimming ratios on the growth

and physiology of the shoots. All data were tested for normality and

homogeneity of variance to meet the assumptions of parametric

statistical analysis. Duncan’s multiple range test was performed to

identify the significance of differences among treatments when the

ANOVAs were significant at a = 0.05. Independent sample t-test

was used to analyze the differences in survival and growth of shoots

between the two treatments in the field experiment. Statistical

analyses of all data were performed using the SPSS Windows

Program (Release 25.0, SPSS Inc.).
3 Results

3.1 Effect of leaf trimming on shoot
survival, growth, and physiology

3.1.1 Survival and growth
All plants under different treatments survived at the end of the

experiment. The results of the one-way ANOVA showed that leaf

trimming had a significant influence on the LER and TLA of P.

iwatensis shoots (p < 0.05; Figure 3). The LER and TLA of P.

iwatensis shoots showed a similar variation trend, and the values of

plants under 10%–30% leaf trimming treatments were 1.12–1.14

times and 1.17–1.21 times significantly higher than those of plants

under the control, respectively. There were no significant

differences in these values between the 40%–50% leaf trimming

treatments and the control (p > 0.05). However, the LER and TLA of
Frontiers in Marine Science 05
the plants at the 60% leaf trimming treatment were 53.7% and

48.7% significantly lower than those of the plants at the

control, respectively.

3.1.2 Physiological parameters
The results of the one-way ANOVA indicated that there were

no significant differences in the pigment and proline contents of the
A

B

FIGURE 3

The change in leaf elongation rate (A) and total leaf area (B) of P.
iwatensis shoots exposed to different leaf trimming proportions
under controlled mesocosm conditions. Data are expressed as
means ± SD. Different letters above error bars indicate significant
differences among different leaf trimming treatments (p < 0.05).
TABLE 1 The change in photosynthetic pigment and proline contents of Phyllospadix iwatensis shoots exposed to different leaf trimming proportions
under controlled mesocosm conditions.

Trimming
proportion (%)

Chlorophyll a
(mg cm−2)

Chlorophyll b
(mg cm−2)

Carotenoids
(mg cm−2)

Total chlorophyll
(mg cm−2)

Proline
(µg ml−1)

0 21.9 ± 2.6 13.9 ± 1.6 3.8 ± 0.2 40.5 ± 4.1 7.3 ± 1.1

10 19.9 ± 2.9 11.3 ± 2.4 3.8 ± 0.3 39.8 ± 3.1 7.1 ± 0.8

20 21.4 ± 1.1 13.7 ± 2.0 3.8 ± 0.1 41.5 ± 4.7 7.2 ± 0.8

30 20.7 ± 2.8 13.0 ± 2.5 4.0 ± 0.6 38.2 ± 5.9 7.3 ± 1.0

40 18.8 ± 1.0 12.3 ± 0.8 3.7 ± 0.3 36.1 ± 1.5 7.2 ± 1.2

50 20.0 ± 2.0 13.6 ± 1.3 3.6 ± 0.1 39.8 ± 3.2 7.3 ± 1.7

60 21.0 ± 0.7 14.2 ± 0.8 3.5 ± 0.0 40.0 ± 1.6 7.3 ± 0.9
fr
Data are expressed as means ± SD.
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P. iwatensis shoots among the different leaf trimming treatments (p

> 0.05; Table 1).

The non-structural carbohydrates of the plants, including

soluble sugar and starch, displayed a similar trend to the change

in plant growth. One-way ANOVA indicated that leaf trimming

had a significant effect on the non-structural carbohydrates of P.

iwatensis shoots (p < 0.05; Figure 4). There were no significant

differences in these values between the 10%–50% leaf trimming

treatments and the control (p > 0.05). However, the soluble sugar

and starch contents of the plants at the 60% leaf trimming treatment

were 89.0% and 68.2% significantly lower than those of the plants at

the control, respectively.
3.2 Effect of leaf trimming on shoot
survival, growth, and physiology

3.2.1 Survival
The survival of P. iwatensis shoots displayed a decrease during

the experimental period under the two treatments (Figure 5). The

result of independent sample t-tests indicated that the leaf trimming

had a significant effect on the survival of P. iwatensis shoots after 2

months following planting (p < 0.05). The survival rate of P.

iwatensis in the leaf trimming treatment was 70.0% 15 months

following planting, which was 1.5 times significantly higher than the

survival rate of plants in the non-trimming treatment.

3.2.2 Morphology and growth
The transplants displayed a fine growth (Figure 6). The shoot

height of P. iwatensis in both leaf trimming and non-trimming

treatments showed a similar variation trend (Figure 7A). The shoot

height of P. iwatensis shoots in the leaf trimming treatment had

grown to 57.2 cm after 1 month following planting, which had no

significant difference with that of the plants in the non-trimming

treatment (p > 0.05). In addition, there was also no significant

difference in shoot height between the two treatments in subsequent

sampling months, with the average value of 37.8–59.4 cm in the

non-trimming treatment and 39.2–57.2 cm in the leaf

trimming treatment.

The TLA of P. iwatensis shoots displayed a similar trend to the

change in shoot height (Figure 7B). The TLA of P. iwatensis shoots

in the leaf trimming treatment was 28.7 cm2 shoot−1 after 1 month

following planting, which was significantly higher than that of the

plants in the non-trimming treatment (p < 0.05). There was no

significant difference in TLA between the two treatments in each

subsequent sampling month, with the average value of 31.7–37.0

cm2 shoot−1 in non-trimming treatment and 28.7–39.4 cm2 shoot−1

in leaf trimming treatment.

3.2.3 Pigment
The results of the independent sample t-tests indicated that

there were no significant differences in pigment contents of P.

iwatensis shoots between the two leaf trimming treatments during

the field transplantation experiment (p > 0.05; Table 2).
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4 Discussion

4.1 The effect of leaf trimming on the
survival and growth of seagrasses

Our results showed that leaf trimming had a significant effect on

the growth of P. iwatensis shoots under controlled mesocosm

conditions. Growth analysis combined with physiology
FIGURE 4

The effect of different leaf trimming proportions on the soluble
sugar and starch contents of P. iwatensis shoots. Data are expressed
as means ± SD. Different letters above the error bars in the same
physiological parameter indicate significant differences among
different leaf trimming treatments (p < 0.05).
FIGURE 5

The change in survival rate of P. iwatensis shoots under the leaf
trimming treatment and non-trimming treatment at Mashanli Bay.
Data are expressed as means ± SD. Asterisk (*) indicates significant
difference in survival rate between leaf trimming and non-trimming
treatments on the same sampling month (p < 0.05), ** indicates very
significant difference (p < 0.01).
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assessment indicated that the optimal ratio of leaf trimming for the

transplantation of P. iwatensis shoots is 50%. The survival rate of P.

iwatensis shoots exposed to the optimal ratio of leaf trimming was

1.5 times higher than that of shoots under the control in the field

experiment. Results in this study support the hypothesis that

appropriate leaf trimming may promote the survival and growth

of transplanted P. iwatensis shoots. It was worth noting that

typhoons “Hagupit” and “Bavi” impacted our transplantation area

in August 2020 (2 months after transplantation). This implies that

the combination of leaf trimming and adhesive material (epoxy

resin) is an effective transplantation method for surfgrass plants in

high-energy conditions.

The intense drag caused by waves and currents is one of the

obstacles that seagrasses must overcome in order to adapt to life

beneath (Paul and Santos, 2019). Some similar studies have

demonstrated that reducing the contact area between seagrass

leaves and water has a positive impact on the growth and survival

of shoots. For example, the plant Zostera noltii exhibited phenotypic

plasticity (i.e., a short leaf strategy) to ensure the survival and

growth of the plant in highly hydrodynamic water environments

(Peralta et al., 2006; Paul and Santos, 2019). Removing the

uppermost portion of the leaves could lessen the resistance caused

by the leaves and hence decrease the possibility of their uprooting,

resulting in a higher survival of the transplantation (de los Santos

et al., 2016). On the other hand, many studies have indicated that

shade stress could reduce the growth, cause the loss of leaves,

decrease the shoot density, and even result in the death of many

seagrasses (Yaakub et al., 2014; Benham et al., 2016). For example,

Collier et al. (2012) found that the length of Halodule uninervis,

Thalassia hemprichii, and Zostera muelleri leaves was reduced by

48%–77% and the density of shoots was reduced by 62%–100%

under shade stress. Leaf trimming could reduce self-shading and

increase the photosynthesis rate, which could enhance the survival

of transplanted seagrass (Tang et al., 2019).
FIGURE 6

Shoots growth of P. iwatensis transplants in the field experiment in July 2020 (A), August 2020 (B), September 2020 (C), and September 2021 (D).
A

B

FIGURE 7

The change in shoot height (A) and total leaf area (B) of P. iwatensis
shoots exposed to different leaf trimming treatments under the field
experiment. Data are expressed as means ± SD. Asterisk (*) indicates
significant differences in shoot height and total leaf area between
leaf trimming and non-trimming treatments on the same sampling
month (p < 0.05), ** indicates very significant difference (p < 0.01).
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In addition, we also found that the growth of P. iwatensis plants

exposed to 10%–30% leaf trimming was significantly higher than

that of plants at the control. Some studies have also indicated that

plants treated with adequate leaf trimming exhibit a compensatory

growth to maintain or improve their growth (Meyer, 1998; Zhao

et al., 2008), particularly the increase in leaf area in response to leaf

loss (Gao et al., 2008). For example, Prado et al. (2011) found that P.

oceanica could resist injury from herbivores and continued to grow

even after losing 57% of leaf tissue. Dos Santos et al. (2013)

indicated that low-intensity leaf trimming (~40% biomass

removed) did not negatively affect seagrass growth. This may be

because the treatment of leaf trimming can modify the resource

allocation of plants (Aragones et al., 2006). However, the similar

studies on Zostera capricorni and Cymodocea serrulate exhibited

that leaf trimming adversely affected leaf growth (Kuiper-Linley

et al., 2007), indicating that the response of seagrasses to leaf

trimming depended on the species and the proportion of the

leaf trimming.

However, over-trimming has a negative effect on seagrass. For

instance, studies have shown that overgrazing on Z. muelleri

damaged the above-ground structure of the plants and depleted

nutrients, which limited the acquisition of resources for seagrasses

and ultimately impacted their growth and reproduction (Prado

et al., 2011; Dos Santos et al., 2013). The results in the present study

also showed that the LER and TLA of plants exposed to 60% leaf

trimming were significantly 53.7% and 48.7% lower than those of

plants in the control, respectively. Dos Santos et al. (2013)

conducted a simulative grazing experiment and demonstrated

that the high grazing intensity (~100% biomass removed) of Z.

muelleri resulted in a failing restoration (only 25%–42% of control

in biomass) after 1 year. These studies have proved that only

appropriate leaf trimming ratios can promote the survival and

growth of seagrass plant.
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4.2 The effect of leaf trimming on the
physiological response of seagrasses

Our study showed that leaf trimming had a significant effect on

the non-structural carbohydrate (including the soluble sugar and

starch) contents of the aboveground tissues of the surfgrass plants.

Both soluble sugars and starch are non-structural carbohydrates

and principal metabolites, and they serve as the plant’s primary

source of energy throughout growth and metabolism (Schönbeck

et al., 2018). Tang et al. (2019) conducted a long-term trimming

experiment and demonstrated that the increase in soluble sugar

content may help plants increase their tolerance to stress. In

addition, leaf-trimming plants often accumulate fewer reactive

oxygen species (ROS), leaf senescence is delayed, and more

carbohydrates are accumulated in plants; as a result ,

compensatory growth occurs in trimming plants (You and Chan,

2015; Tang et al., 2019). Pigments are responsible for absorbing,

transmitting, and converting light energy. However, there was no

significant difference in the content of photosynthetic pigments

between the trimming and non-trimming treatments. This may be

because P. iwatensis is able to compensate for the loss of

photosynthetic area caused by trimming by raising the

photosynthetic rate of the remaining tissues (Detling et al., 1979;

Cebrián et al., 1998; Zhao et al., 2008).

Although plants could compensate for tissue removal through

some morphological and physiological responses, intense trimming

would result in a significant decrease in biomass and growth rate

(Zhao et al., 2008; Van Staalduinen et al., 2010). This is due to the

fact that the plant exposed to over-trimming requires large amounts

of energy investment to recover, and the limited non-structural

carbohydrates, starches, etc. stored in the residual tissues are not

enough to support this consumption (Reichman and Smith, 1991).

Similarly, Kuiper-Linley et al. (2007) found that there was a
TABLE 2 The change in photosynthetic pigment contents of Phyllospadix iwatensis shoots exposed to different leaf trimming treatments under the
field experiment.

Sampling time Group Chlorophyll a
(mg cm−2)

Chlorophyll b
(mg cm−2)

Carotenoid
(mg cm−2)

Total chlorophyll
(mg cm−2)

June 2020
NG 22.7 ± 1.8 42.0 ± 1.9 3.8 ± 0.1 36.5 ± 2.0

TG 22.5 ± 2.5 42.5 ± 1.0 3.9 ± 0.1 36.9 ± 0.2

July 2020
NG 22.8 ± 0.3 45.2 ± 3.4 5.1 ± 0.2 39.5 ± 2.7

TG 22.5 ± 2.5 47.4 ± 3.6 5.0 ± 0.2 39.0 ± 3.9

August 2020
NG 22.9 ± 3.6 51.8 ± 2.3 4.6 ± 0.3 44.1 ± 1.5

TG 23.2 ± 2.2 47.2 ± 4.5 4.3 ± 0.4 42.4 ± 4.3

September 2020
NG 17.9 ± 1.1 36.4 ± 2.3 4.2 ± 0.1 30.2 ± 2.2

TG 19.8 ± 1.1 36.4 ± 2.1 4.0 ± 0.3 33.7 ± 1.6

September 2020
NG 14.7 ± 1.0 30.1 ± 1.5 4.4 ± 0.5 23.9 ± 0.4

TG 15.8 ± 0.6 31.6 ± 1.1 5.0 ± 0.2 23.1 ± 1.1
Data are expressed as means ± SD. NG: non-trimming group, TG: leaf trimming group.
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significant decrease in carbohydrate content in rhizomes of

Cymodocea serrulata with increasing intensity of grazing.

Therefore, under-compensatory growth is frequently found when

regrowth tissues are less than the proportion of biomass lost due to

excessive leaf trimming.
5 Conclusion

Transplantation methods have the potential to facilitate large-

scale surfgrass restoration projects, but because they grow in the

rocky intertidal zone, dragging forces of flow result in a low survival

rate that remains a bottleneck. In the present study, we

demonstrated that 50% leaf trimming could develop a positive

effect on the survival of transplanted P. iwatensis plants. It could be

used as the maximum trimming ratio for transplanting to minimize

the damage caused by the dragging force due to currents and waves.

Compared with other methods of surfgrass restoration proposed by

other researchers (Park and Lee, 2014; Park et al., 2018), the leaf

trimming method not only has a higher survival rate and fine

growth of transplants but also has a simpler operation to lower the

transplantation cost, facilitating large-scale surfgrass restoration

projects. However, this study only conducted trimming in

different proportions for P. iwatensis shoots, and further studies

are needed to determine the appropriate trimming proportions for

other seagrasses.
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