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The greater Southeast Asian region contains the largest global extent of tropical seagrass; however, anthropogenic degradation is estimated to be greater than 7% per year. Although the areal extent of seagrass is presently 36,765 km2, Fortes group estimates that 50% of the original seagrass has been degraded from a variety of impacts. One set of solutions to degradation is to restore tropical seagrass successfully, for which information from past results is needed to avoid failures. Van Katwijk, Thorhaug and others provided a global seagrass restoration review of 1,786 trials, but did not include the full Southeast Asian regional information. Thus, we review findings from 228 trials in the greater Southeast Asian region, involving 305,807 restored units with an extent of 372,649 m2. Seagrasses planted with varying successes include 13 tropical species and five subtropical or near-subtemperate species. We compare methodologies as well as key factors of light level, energetics, and depth. This review demonstrates the highest survival in seagrass restoration employing sprigs or plugs at medium depths (2–4 m) with adequate light levels in medium to low energetics planting one to several dominant species. Substrate anchors improved successful establishment. Information gaps occur in quantified monitoring of seagrass services reassembled with tropical-seagrass restoration; thus, fisheries’ nursery potentials are not provided. Future actions need national seagrass restoration policies and plans to restore degraded seagrasses. At present, such policies and plans are non-existent in most greater Southeast Asian regional nations, with the exceptions of Australia and the Philippines, although some nations have national plans for restoring corals or mangroves.
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1 Introduction

We review the investigations of restoration of seagrasses within the greater Southeast Asian region as one of the sets of important solutions to maintain and bolster seagrass resources after seagrass degradation. Regional seagrass degradation level is presently estimated to be approximately 50% of the original seagrass extent (Ooi et al., 2011; Arias-Ortiz et al., 2018; Fortes et al., 2018). These authors indicate that anthropogenic impacts within the coastal zone have been an important cause of degradation. The seagrass importance in the greater Southeast Asian region is stated by these authors and others as based on containing the most seagrass species plus the largest seagrass biomass. The region has also been identified as a key global area for carbon sequestered by seagrass productivity (Orth et al., 2006; Alongi et al., 2016; Gallagher et al., 2019; Macreadie et al., 2019; Thorhaug et al., 2020a, 2020c), as well as an important global marine biodiversity region (Ooi et al., 2011; Nakaoka et al., 2014; Fortes et al., 2018; Langlois et al., 2023).



1.1 Southeast Asian seagrass present extent and degradation of extent

A dismal future for Southeast Asian nations has been predicted if seagrass degradation is not reversed. Ooi et al. (2011); Fortes et al. (2018) estimate a 30%–50% loss. The present extent of 36,765 km2, estimated by Fortes et al. (2018) and McKensie et al. (2020), is considered to be an underestimate, but did not include regional areas of Papua New Guinea (PNG) or western Australia. Green and Short (2003) estimated that the Indonesian seagrass extent alone is 30,000 km2. Indonesian mangroves, for comparison, in carefully documented measurements from satellite mapping, lost 250,000 ha in the last decade (Spalding et al., 2010; Giri et al., 2011). Clearly, anthropogenic impacts in coastal Indonesia are considerable (Giri et al., 2011), which implies impacts on the seagrasses adjacent to the mangroves. Langlois et al. (2020) estimated the extent of 235,261 km2 for the tropical Indo-Pacific (which includes a far greater area with the inclusion of the Indian Ocean and parts of Oceania as well as the Southeast Asian region). McKensie et al. (2024) emphasize the substantial ongoing extent debate due to deep seagrass being difficult to ascertain by aerial imagery.

This review raises the question, “Can the loss of a maximum of 7% per year of seagrass ecosystem services, predicted by Waycott et al. (2009), be tolerated socially (values for nutrition and fisheries employment) and economically in the Southeast Asian region”?




1.2 Objectives of this review

Our hypothesis is that various seagrass species can be restored with moderate survival in the greater Southeast Asian region. We analyze this by comparing a series of seagrass restoration efforts in various regional nations to delineate the state of seagrass restoration in the Southeast Asian region.





2 Methods



2.1 The hydrological setting of the review

The Southeast Asian region is rich in seagrasses (Figure 1), due to the underlying physical–chemical environment. Convergent equatorial ocean currents form a complex pattern, termed the “through flow” (Wyrtki, 1987) (Figure 2), flowing from the Equatorial Pacific past the Southeast Asian region southwestward into the Indian Ocean Waters. Partially driven by a hydrostatic head of 30 cm between the Equatorial Pacific and the Indian Oceans (Sprintall et al., 2009), oceans water pour over the underlying Sunda Plate, through island archipelagos. The Sunda Plate (Figure 3) consists of a large shallow shelf and lies between volcanically formed island archipelagos and the Asian mainland forming multiple estuaries and coastlines sheltering large seagrass meadows. Upwellings of nutrient-rich deeper water fertilizing upper layers occasionally punctuate coastal shelves near periodic deep trenches (Figures 2, 3). The northeast Indian Ocean water flow modulated by trade winds and the Equatorial Indian Ocean current patterns also have effects on the western nations of the greater Southeast Asian region (Conservation Biology Institute, 2010). Ashton (2015) points out that volcanic soils are particularly nutrient-rich, stimulating tropical forests’ growth rates. Our operational definition of “Greater Southeast Asia” begins at the Philippines’ northeastern corner running westward across the top of the Gulf of Tonkin to the Myanmar continental shelf in the Andaman Sea. From Myanmar, our perimeter moves southwest of Perth, Australia, with our southwestern corner facing the Indian Ocean (see Figure 4). The perimeter moves on a diagonal to the northeast from Perth, including the Northern Australia shoreline including estuaries to the southeastern shelf edge of PNG. From the southeast shelf of PNG, the perimeter goes north to the northeastern side of the Philippines.
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Figure 1 | Map illustrating the distribution and diversity of seagrass species in coastal regions worldwide. Areas are shaded n varying green tones, indicating species diversity: 1-2,3-6,7-9,10-11, and12-15 species. The highest diversity is in Southeast Asia and Oceania (from Short 2017).
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Figure 2 | Map highlighting ocean currents in Asia, showing the Global Conveyor Belt and prevailing currents with red arrows. Countries are color-coded with a distance scale of 500 kilometers. (from KGR Oceans,2009).
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Figure 3 | Map depicting tectonic plates and trenches in Southeast Asia. Labels include Sunda, Philippines, and Australia. Key features are the Sunda Arc, Java Trench, Philippine Trench , and Timor Trough. Arrows indicate plate movements (from Baroux et al, 1998).
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Figure 4 | Map of the Asia-Pacific region showing seagrass restoration trials from 1981 to 2025. Red dots indicate various locations with annotations for seagrass species, such as Amphibolis, Cymodocea, and Enhalus. Latitude and longitude are marked, with specific codes and numbers denoting trial data for each site (composed by SBZ from earlier fig. by TMY).




2.2 Methods of review

We first recognized the need for this summary of results in tropical Southeast Asia at our Seagrass Restoration workshop during the World Seagrass Association Conference and Workshops in Singapore. We generally followed the same protocol we had used in van Katwijk et al. (2016). We compiled data from restoration trials conducted from published articles listed in Web of Science. A trial consists of one or more shoots or seeds that have the same “treatment”, i.e., they are planted at the same location, with similar techniques and treatments in the same year and season, using the same species and plant material. The study is not a traditional meta-analysis (e.g., Harrison and Kaufman, 2011); first, we aimed not to exclude any reported trial (resulting in many missing values of factors key to growth and survival); second, since the recorded characteristics frequently had no controls, effect sizes can only be estimated relatively between categories (as an example, plant material has the following categories: seeds, sods, rhizome fragments, seedlings, or plugs); and third, the data did not allow for assignment of a nesting factor like sources.

van Katwijk et al.’s (2016) global review included 1,786 trials. Our review herein replicated less than seven from van Katwijk’s Southeast Asian locations in our almost 40 investigations. The conceptual approach of van Katwijk et al. (2016) used each specific site per species as one trial with a single survival rate for that trial, disregarding the number of planting units (PUs) carried out at that site, whereas, throughout this review, we refer to each PU (the singular unit that was planted at each site) as the fundamental unit for calculating survival rate. Hence, the trial data sets are handled separately for the survival of individual PUs using the total number of PUs planted as the basis for “survival”. Thus, our method allots large-scale plantings with more weight reflected as percentages of PUs being larger than small-scale plantings. In various trials, the PU consisted of one of the following donor material: a seed; a germinated seed (termed a seedling); a sprig (containing at least one rhizome fragment with roots, a meristem, and blades); a sod (large plant mass containing roots, rhizomes, sediment, stems, and blades with some underlying sediment, which could measure to a meter square); or a plug (like a sod, but much smaller, usually approximately 8–14 cm in diameter).

Environmental factors were generally recorded by investigators either descriptively or quantitatively to include the following: planting date, published citation date, geo-reference, planting season, plot size, energy level at site, estimated light level, depth, and salinity. All data did not have complete environmental and biological factors for each trial and site. In some studies, the investigators could estimate data from ongoing corollary studies at the same site. The biological factors monitored included species, number of PUs, survival percent, interval of monitoring in months, final density of donor site (blades m−2), and planting methodology. Other factors included depth, approximate light level split into high, medium, and low defined under the table itself from surface light levels, approximate energetic level, general sediment composition, anchor types, and use of growth substances. Diverse monitoring techniques occurred among the numerous investigators. The restoration investigator team was always the monitoring investigator. We compare metrics for various techniques, species, and treatments of PUs to produce data that characterize the survival of restored plants. We chose to compare PU survival as a function of time as the success metric. A monitoring discrepancy among the 228 trials occurred due to investigator choice of amount of PU measured. Some studies measured all units at all planted areas and some measured only sub-sections of planted areas. The conceptual error may occur when just a sub-section is monitored and if a segment of the planted areas did not survive and the reporter did not take the non-surviving segment into account as zeros for missing PUs. (Note: this affected larger plantings only; in very small plantings, all PUs were consistently measured.) This conceptual error of taking a percentage from surviving PUs and not using zeros for non-surviving PUs would skew results with elevated percentage survival rates. For this reason, we report the subsample population of PUs from which the survival was calculated as well as the original number of PUs.




2.3 Methods for comparison: are the data adequate for a quantitative analysis?

Upon examination of data, it was found that simple summing, percentages, and means could fulfill the general objectives to compare results among studies in a variety of the greater Southeast Asian locations with multiple species tested, multiple methodologies, and key environmental factors all affecting the survival rates. The list with the investigators’ per nation and per author is found in Table 1. Original data are found in an array of publications and reports listed in Table 1 and the literature cited (publications in multiple languages, but the majority in English). Seagrass plants, planting data, and methodologies are organized by factor in Table 2 and by species in Table 3.


Table 1 | Overview of seagrass restoration baseline data in Southeast Asia 1974-2019 listed in order of date of trials seen in columns: Investigators and citation date; Nation and site names; Seagrass species; Method of planting; Number of planting units; Survival in year 1 & percentage & remarks.
	Investigators/ Citation date
	Nation/Site
	Seagrass species (planted in the trials)
	Planting units
	Survival % - reported 1 year or more


	Method planting
	Number



	Thorhaug and Cruz (1988)
	
Philippines:
Baatan Peninsula (3 sites) ;
Manila Bay (2 sites);
Marinduque Island (3 sites)
	Cymodocea rotundata,
Enhalus acoroides,
Halodule uninervis,
Halophila ovalis,
Syringodium isoetifolium,
Thalassia hemprichii
	Plug
Seed
Sprig
	29,200
	Variable:
depending on technique and pollution type at site. Range from
96% to 0%


	Calumpong et al. (1996)
	Philippines:
Bais Ba;, Batangan
Beach; El Oriente
Beach; Negros Island
	C. rotundata,
E. acoroides,
H. uninervis
H. ovalis,
H .isoetifolium,
T. hemprichii
	Plug
	192
	65.5%


	Saleh et al. (2020)
	Malaysia:
Gaya Island, Sabah
	C. rotundata,
C. serrulata,
E. acoroides,
H. uninervis,
H. ovalis
	Plug Sprig
	780
	24.6%


	Tri (2008)
	S. Vietnam: Khanh Hoa
	E. acoroides
	Seedling Sprig
	–
	–


	
Kiswara et al., 2010a
	Indonesia:
Terate, Banten Bay
	E. acoroides
	Seedling
	9
	Variable:
depending on rhizome length - 10 cm = 51.11%
± 25.58%
5 cm (17.78% ±
18.59%)


	Kiswara et al., 2010b
	Indonesia: 
Kuala Pasar, Banten
Bay
	E. acoroides
	Seedling
	12
	35.0%


	Kiswara and Ulumuddin, 2010
	Indonesia:
Pari Island, Jakarta Bay
	E. acoroides
	Seedling
	40
	–


	Kiswara (2013)
	Indonesia:
Pari island, Jakarta Bay
	E. acoroides
	Seedling
	6
	97.9%


	Williams et al. (2017)
	Indonesia:
Pulau Badi Island,
Spermonde
Archipelago, South
Sulawesi
	C. rotundata,
E. acorides,
H. uninervis,
H. ovalis
	Sprig
	1,272
	32.9%


	Lanuru (2011)
	Indonesia:
Lae-lae Island
Spermonde
Archipelago, SW
Sulawesi;
Labakkang, South
Sulawesi
	E. acoroides
	Shoots
	8
	–


	Asriani et al. (2019)
	Indonesia :
Nugraha-Bintan Isld. Spermonde Isl.S. Sulawesi
	E. acoroides
	seedlings
	x
	20 to 93.33%


	Wismar et al., 2023
	Indonesia: Panjang Island, Jepara
	E. acoroides
	Seedings
	25
	88.3% seedlings
96.7% anchors


	Puruhito et al., 2024
	Indonesia: Dompak Island, Tanjungpinang
	E. acoroides
	Seedlings
	593
	66.7%, 97.8%


	Ambo-Rappe (2022)
	 
	E. acoroides
	Seedlings
	 
	 


	Cohen-Shachan (2016)
	Review of SE Asia
	-
	–
	–
	–


	Qiu et al. (2014)
	China:
Guangxi, Gulf of Tonkin
	Halophila beccarii,
H. ovalis,
H. uninervis,
Zostera japonica
	Plug
	34,150
	–


	Shuo et al. (2019)
	China:
Li'an Lagoon, Hainan
Island
	E. acoroides
	
Seed
	 
	 


	Shen et al. (2023)
	CHINA:
Hainan island.
	T. hemprichii
Enhalus acoroides
	sprigs
	1440, 320
	88.8%,
90.6%


	Talbot and Wilkinson (2001)
	SINGAPORE:
	Australian Inst Mar Sci
Coral reef, seagrass s mangroves. A handbook.
	overview
	na
	overview


	Reid et al. (2019)
	Cambodia:Kep archipelago
	Status of coral reefs and seagrass Vincent:.Cambodian J. natural history 2019(1)124-139
	List of animals in natural seagrass.
	na
	Animal inventory


	DMCR (Pansert et al., 2016)
	Thailand:
Paklok Bay (Phuket);
Koh Tiap, Chumphon
	E. acoroides
	Seedling Plug
	–
	–


	Vichkovitten et al. (2016)
	Thailand:
Sriracha Bay (Chonburi)
	E. acoroides
	Sprig
	7,200
	–


	Royal Thai Navy, Ministry of Defense (2017)
	Thailand:
Sikao (Trang)
	E. acoroides
C. rotundata,
Cymodocea serrulata
	Sprig
	–
	–


	Metropolitan Electricity Authority (MEA) of Trang (2008)
	Thailand:
Palian (Trang)
	E. acoroides
	Sprig
	–
	–


	Provincial Electricity Authority (PEA) (2016)
	Thailand:
Sikao (Trang)
	E. acoroides
	Seedling
	103,000
	0%


	Pfizer Foundation
& World Vision
Foundation of
Thailand
	Thailand:
Pak Meng (Trang)
	E. acoroides
	–
	–
	–


	Action Chemical Company (2018)
	Thailand:
Udom Bay (Chonburi)
	Halodule pinifolia
	–
	5,000
	–


	Kirkman (1999)
	Australia:
Garden Island, Western
Australia (WA)
	Amphibolis Antarctica
	Seedling
	216
	9.3%


	Paling et al. (1998, 1999)
	Australia:
Cockburn Sound, WA
	Posidonia sinuosa,
Posidonia coriácea,
A. griffithii
	Sod
	1,400
	69.4%


	Verduin et al 2025 under review
	Australia:
Cockburn Sound, WA
	Posidonia Australis
	Sprig
	835
	78.0%


	Paling et al. (2001a)
	Australia:
Success Bay, WA
	A griffithii,
P. coriacea
	Sod
	1,000
	27.0%


	van Keulen et al. (2003)
	Australia:
Carnac Island, WA
	A. griffithii
P. sinuosa
	Sod Sprig
	1,320
	21.4%


	Paling et al. (2001b)
	Australia:
Success Bay, WA
	A. griffithsii
P. coriacea
	Sod
	280
	70.0%


	Paling et al. (2003)
	Australia:
Success Bay, WA
	Amphibolis griffithii,
P. coriacea
	Sod
	144
	25.0%


	Paling et al. (2007)
	Australia:
Cockburn Sound, WA
	P. sinuosa
	Sod Sprig
	560
	27.0%


	Horn et al. (2009)
	Australia:
Cockburn Sound, WA
	P. sinuosa
	Sod
	40
	–


	Verduin et al. (2010)
	Australia:
Southern Flats, WA
	P. Australis
	Sprig
	120,000
	63.33%


	Verduin et al. (2025)
	Australia:
Success Bank, WA
	P. Australis,
P. sinuosa
	Plug
	
850
	–


	Verduin et al. (2025)
	Australia:
Owen Anchorage, WA
	P. Australis
	Sprig
	1500
	–








Table 2 | For seagrass restoration in the greater Southeast Asia region, variables of restoration planted units measured for total planted units from all cited investigators. (Each table includes Bold Font which indicates average of the PU’s finally monitored).
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Table 3 | For seagrass restoration in greater Southeast Asia region, number of total planted units per genera and species, planted units, survival number, percentage survival of planted units. Bold font indicates survival percentage of each category of those PU was finally monitored.
	Tropical genera
	#PU
	#PU survived
	% survival



	Cymodocea rotundata
	3,832
	442
	11.5%


	Enhalus acoroides**
	6,666
	2,335
	35.0%


	Halodule uninervis
	3,032
	668
	22.0%


	Halophila ovalis
	1,864
	761
	40.8%


	Syringodium isoletiforme
	3,448
	1,089
	31.6%


	Thalassia hemprichii
	4,632
	1,716
	37.0%






	Subtemperate/subtropical genera (in Western Central Australia)
	#PU
	#PU survived
	% survival



	Amphibolis antarctica
	216
	20
	9.3%


	Amphibolis griffithii
	1,260
	321
	25.5%


	Posidonia Australis
	120,835
	76,647
	63.4%


	Posidonia coriacea
	300
	247
	82.3%


	Posidonia sinuosa
	1,320
	559
	42.3%





The table is separated into two parts: tropical genera plantings and subtropical to subtemperate (carried out in Western Australia only). **Exception to table is the survival of 103,000 Planted Units of Enhalus seeds ( from Thailand PEA) which is not included due to skewing of data by non-scientists community group attempting their first restoration for the power industry equaling zero success. Inclusion of PEA data would have offset all other data done by scientific investigators due to PEA large planting unit numbers in the Enhalus seed trials.Bold indicates the survival percentage at each category of those PU finally monitored.







3 Results



3.1 Overall results

In 10 of 14 nations, namely, the Philippines, Malaysia, Vietnam, Indonesia, tropical China, Australia, Cambodia, Vietnam, Singapore, and Thailand (Table 1), 38 investigator groups worked on seagrass restoration. Many of the 228 trials were small studies (tens to hundreds of PUs). These investigators placed a total of 305,807 PUs into a space of 372,649 m2 (Table 1). Table 1 shows that most large-scale plantings were executed by knowledgeable seagrass scientists (e.g., Paling, Verduin, van Keulen, Kiswara, Calumpong, Phillips, Williams, Ambo-Rappe, Huang, Thorhaug, and Cruz). However, some trials were carried out by unskilled community volunteers, as indicated in Table 1, which generally showed far less survival.




3.2 Successful results with various planting techniques

The survival rate differed among the four major planting techniques. We rank them from the highest to the least: sprigs (35.5% survival of 150,678 PUs within 81 trials); sods (25.0% survival of 3,824 PUs with many fewer PU plantings, with 57 trials); plugs (24.6% survival of 41,942 PUs within 56 trials); and seedlings 1 [0.7% if all seedlings planted were considered but with far higher survival (11%) if the PEA (Thailand Electric company) planting was excluded from the 105,713 PUs within 25 trials] (Table 2). A gap in some subsets of data exists, since the monitoring period of some trials ended after the first year. We consider 1 year as an inadequate monitoring period to evaluate long-term success. Table 2 shows that the amount of usage of various restoration techniques is the following at 12 months post-planting: 35.5% of trials utilized sprigs; 25.6%, sods; 24.6%, plugs; 11.0%, seedlings; and 3.9%, seeds. 2 The most frequently monitored time was 12 months. Note that three-fourths of the sites were measured additionally at 24 months.




3.3 Results of the effect of depth on restoration success

The majority, almost 56.5% of PUs (176,816), were planted at depths of 2 m or less seen in Table 2. At medium depths of 2–4 m, there were 121,863 PUs from 45 trials (but predominantly—120,835 PUs—from the Australian planting). At depths of over 4 m, Australian investigators planted a total of 13,132 PUs using scuba gear. The medium-depth plantings result in higher survival (64.2%) than shallower (6.2% survival) or deeper (43.4% survival) plantings (Table 2). The lowest survival rate occurred as a subset within the shallow (0–2 m) depth group, which was the “very” shallow cohort (planted at or less than 0.3 m). Intertidal plantings had little to no success in the results reported herein. In a comparative depth planting investigation globally reported by Verduin et al. (2010), plantings at 2 m showed substantially higher survival (70%) than at 4 m or deeper (37%).




3.4 Results of light intensity on restoration success

Depth is related to both light intensity and light quality in shallow marine and estuarine environments. Restoration survival percentages of planted units were slightly greater in medium light (33.9%) than in high light intensity (30.5%), or in low light intensity (24.1%) (Table 2). These results did not show as great a difference among light levels as survival for depth results. The large numbers planted in Australia in high light may be a factor here. Obviously, multiple simultaneous factors were influencing the seagrass light requirement such as energetics, or perhaps pulses of turbidity lessening light intensity. The number of planted units in trials showed that plantings in medium light (63%) were more abundant than at high light (23.8%) or at low light (15.9%) (Table 2). 3 Importantly, no measurements of the duration of low light intensity were included, or of other light changes such as caused by diurnal pulses or variation of riverine turbidity. In a number of trials, the light data were by investigators’ estimates or by Secchi-disc measurements, not direct photometer measurements. Thus, these light data do not comprise a set of statistically accurate metrics. Some detailed light measurements with photometers are given in seagrass-restoration studies by Thorhaug and Cruz (1987); Paling et al. (1998; 1999), Verduin et al. (2010); Kendrick and Verduin, (2025), and Williams et al. (2017).




3.5 Results of energetics such as wave energy and currents on restoration success

Clearly, in Table 2, the low-energy plantings (38.2%) and medium-energy plantings (60.6%) were greater than survival rates of higher-energy sites (27.8%). 4 Estuarine energy regimes can be relatively calm and experience periods during which the PU roots attach themselves into the sediment structure. High wave energy within seasonal monsoon events (rather than daily) are present in many Southeast Asian sites. In the Intertropical Convergence Zone (ITCZ), monsoon winds occur far less than in other Southeast Asian regional nations such as the Philippines. Experienced investigators related that they chose not to plant on the seaward side of barrier islands to avoid the disruptive effects of waves. Likewise, some did not plant in high energetic seasons. Some investigators stated in their multiple test studies that they attempt to find a balance between sufficient depth to overcome disruptive energetics and sufficient light penetration for seagrass growth requirements.




3.6 Results of anchors on planting success

To improve survival, investigators of 61 trials used anchors to stabilize planted units, mostly within medium- and higher-energy regimes (Table 2). They anchored 125,285 PUs in 61 trials. Anchored PUs showed higher survival (62.7%) than the 167 non-anchored PUs (30%) (Table 2). Anchor types varied: hand-made bamboo frames onto which sprigs were tied (Kiswara, 2018); clips; stakes; and metal frames pinned and buried in the sediment with sprigs firmly attached (Verduin et al., 2010) (Table 2). As an example, the anchors of Verduin and Sinclair (2013) were the most complex and had high survival rates. Thalassia, Cymodocea, Enhalus, and Halodule sprigs, sods, and plugs were established without anchors with moderate to high survival at medium- to low-energy sites.




3.7 Results of fertilizers and growth-stimulating additives on success

Only a small number (6) of trials in Southeast Asia used growth stimulators such as fertilizers for improved initial growth (Table 2). The larger-scale trials did not use any growth stimulants. Without any growth additives, the large-scale survival rate was 57.7%.




3.8 Results of species employed as restoration material

Southeast Asian seagrass restoration trials used 13 species (Tables 3, 1). Eight tropical species (of 21 regional tropical species) and five subtemperate species were planted. From 305,807 PUs, the most intensively planted were the following: Enhalus acoroides (105,438 PUs), Posidonia australis (122,995 PUs), and two species of Halodule (H. uninervis and H. pinifolis; 18,207 PUs in total). The group of medium numbers of planted seagrasses included the following: Halophila (H. ovalis and H. becarii) (3,023 PUs in total); Thalassia hemprichii (5,264 PUs), two species of Cymodocea (C. rotendata and C. serrulata; 6,072 PUs), and Syringodium isoetifolium (3,832 PUs).




3.9 Results of various seagrass species survival in restoration trials

Over the entire Southeast Asian region, the restoration survival rates of plantings in multiple locations by various methods were as follows: E. acoroides, 35.0% (this percentage does not include the PEA plantings); Halophila ovalis, 40.8%; T. hemprichii, 49.3%; Syringodium isoletiforme, 31.6%; H. uninervis, 22.4%; and Cymodocea rotundata, 11.7% (Tables 3, 1; Figure 4) (Wismar et al., 2023). In western Australia, in the subtropical/subtemperate part of the region, the highest survival rate was seen in large-scale restoration where the genus Posidonia coriacea demonstrated higher survival (82.3%) than the other species planted as demonstrated in the following results: P. coriacea, 82.3%; P. australis, 63.4% (2 ha at 80% plus 1 ha at 30%), plus P. sinuosa at 42.3%. Other species that showed lower survival were Amphibolis griffithii (25.5%) and A. antarctica (9.3%) planted within the same area of western Australia. Thus, summing from the total results of the almost 40 investigations, the seagrasses species demonstrating the highest survival were Enhalus acordoides, T. hemprichii, H. ovalis, and three species of Posidonia: P. coriacea, P. australis, and P. sinuosa.

The success criterion for species included survival and lateral growth. Investigators generally ascertained from test plots or observational knowledge the most locally appropriate species for the trials. Control sites comprised proximate naturally occurring seagrass area, which investigators compared to restored seagrass in terms of blade density, blade characteristics, etc (Verduin et al., 2012).




3.10 Results of stated objectives for seagrass planting and monitoring actions

The highest trial numbers were stated by the authors to be restored for “experimental” purposes, in which investigators sought information about the factors allowing successfully seagrass growth at a multiple given sites and which method and seagrass species was most suited in various sites. “Mitigation” purposes comprised the largest volume of PU deployment (particularly in Australia, Thailand, and the Philippines where government mitigation policies were in effect) (Table 1; Figure 4).





4 General discussion



4.1 Summary of main findings

For the greater Southeast Asian region of tropical and subtropical to subtemperate seagrass restoration investigations, we assembled an updated, unbiased review supplementing the larger global seagrass restoration (1,786 trials) review of van Katwijk et al. (2016) where only seven southeast Asian investigations were used. The summary results of almost 40 trials from 10 of the 14 regional nations are seen in the conclusions below. We have attempted to enumerate environmental and biological factors plus methodologies allowing various survival. Below, we point out gaps in the data. In these attempts to restore, investigators found a wide variety of results. This set of varying survival metrics (ranging from 0% to 83%) can be compared to van Katwijk et al.’s (2016) global study that found a global average of 37% overall survival for 1,738 investigations when combining small- and large-scale plantings. van Katwijk et al. (2016) attributed this apparently moderate survival percentage to many small efforts that lowered survival rates compared to the larger-scale plantings. The general results for the greater Southeast Asian region demonstrate that some tropical seagrass species were more successfully restored, including E. acoroides near 40% and T. hemprichii at 49.3%, while other species demonstrated an overall lower survival rate (C. rotundata at 11%). For the subtropical/subtemperate regions, Posidonia had species survival differences with P. coriacea at 82.3% and P. australis at 63.4%, with other Posidonia species far lower. Our recommended techniques and species (discussed below), when well executed, should be useful in initial large-scale attempts to restore and mitigate such seagrass regional losses as reported by Fortes et al. (2018). The entire region is in urgent need of seagrass restoration from large-scale projects such as those executed by Verduin and Paling and their groups. These Australian large-scale plantings serve as examples to move forward in planning and execution for governments at multiple levels, philanthropic foundations, and NGOs throughout the region (Buelow et al., 2022). Large-scale plans, securing funding, and prodigious work should form the future of seagrass restoration in the greater Southeast Asian region.

The summary of the best survival results indicates the following: (1) species in tropical areas (E. acoroides, T. hemprichii, Halophila sp., and H. uninervis) and in subtemperate/subtropical regions like Australia (P. coriacea and P. australis); (2) planting by methods of sprigs or plugs; (3) planting at medium depth (2–4 m) in moderate- to low-energy areas of sufficient light, possibly with anchoring devices; (4) growth stimulants do not appear to be needed; and (5) site selection needs to be carefully carried out by a knowledgeable seagrass scientist to produce the best survival results.

Our hypothesis that seagrass restoration is viable for multiple seagrass species in the Southeast Asian region has been supported by these reviewed data.

Within this region, there are 14 nations, each with differing environmental assets, histories, legal systems, and government attitudes toward environmental conservation of coastal resources, resulting in differing environmental policies. Most of these nations have extensive seagrass resources. Natural resource management policies, regulations, and enforcement have created a patchwork of seagrass habitats with extensive seagrass loss (Ooi et al., 2011; Fortes et al., 2018), which needs enhancing. Restored seagrasses were found to be sustainable over many decades of continual growth in other parts of the world (van Katwijk et al., 2016; Nordlund et al., 2017; Thorhaug et al., 2020c; Seraphim et al., 2020; Kiswara, 2018; Kendrick et al., 2025).




4.2 Fundamental concepts and problems

This review suggests that the ecological and physical conditions can be managed for large-scale seagrass transplantation survival in the greater Southeast Asian region. The prime example of large-scale success is the approach applied in subtropical to subtemperate regions of western central Australia (Paling et al., 2007; Verduin et al., 2010; Verduin and Sinclair, 2013, and Kendrick et al., 2025). This Australian Indian Ocean study bears resemblance to large-scale projects that have been carried out in other areas of the world in terms of survival results (60%–85%). These large-scale efforts by Verduin and Paling groups were built on a series of trials showing survival of species and methods that could be applied to a degraded estuary to restore a partial seagrass meadow, the area of which ameliorated the meadow’s long-term absence post-degradation. The total efforts were monitored over 8 years (Verduin et al., 2025), demonstrating longevity in the species of restored seagrass there.

Generally, in the reviewed trials, many regionally diverse groups found higher success when sprigs were affixed to buried frames as the use of anchors or other materials. Our review demonstrated key environmental factors influencing the best survival with a combination of adequate light for photosynthesis and adequate depth to avoid uprooting. Approximate light level split into high, medium and low (defined under the table itself from surface light levels), (Kendrick et al., 2025) were higher survival.

A major problem encountered by most seagrass restoration regional practitioners included inadequate funding to carry out longer-term monitoring for survival and growth over multiple years. This included funds to obtain instrumentation to measure environmental factors such as light intensity, oxygen and dissolved carbon dioxide water content, and animal recolonization rates. They also lacked funds to monitor services provided by restored seagrasses over time scales.

A second important problem encountered was the lack of awareness of many governments to the importance of ecosystem services provided by seagrass as compared to those provided by coral reefs or mangroves. This led to governments not assessing and managing the social benefits of seagrass restoration to their citizens. It also created a low number of policies and/or regulations, leading to greater seagrass protection and enhancement.

A third problem with the review is that the restoration investigations were chiefly small-scale, not large-scale studies. This did not allow the type of large-scale process discussed in van Katwijk et al. (2016) to occur so as to influence the survival percentage of the total projects. In the van Katwijk review, the average survival of transplanted units was 37%, and in our review, the average survival was in this same range. The large-scale survival rate was far higher in both reviews. The van Katwijk review had many large-scale projects from multiple ocean basins, mainly the Atlantic Ocean, although our review had fewer than 20% of almost 40 studies.

The overlap in studies cited by both van Katwijk et al. (2016) and this review was chiefly some of the larger studies: Paling et al. (1998, 2001), Verduin et al. (2010), Thorhaug and Cruz, (1987, 1990), Calumpong et al. (1996), and Qui (2014). The repeated use of these studies is definitely important since they confirmed the feasibility of large-scale restoration and showed species tolerance to various types of degradation generally found regionally.




4.3 Different schools of thought or concepts

Most seagrass investigators agree on the Southeast Asian regional degradation (Todd et al., 2010; Ooi et al., 2011; Nakaoka et al., 2014; Fortes et al., 2018; Thorhaug et al., 2020a, 2020b). Fortes et al. (2018) estimated that at least 50% of the original seagrass have been decimated from a variety of impacts. One school of thought is that degrading activities must be corrected first, prior to restoring seagrass. The second school of thought is that some level of the degrading effects can be physiologically tolerated by various dominant species of seagrasses at variable distances from the degradation source. Usually, these species’ tolerances are ascertained after pilot testing, which has shown some dominant seagrass species having higher tolerances to diverse pollutants than others. [For example, this principle is long-established in the Atlantic tropics/subtropics with the dominant habitat species Thalassia testudinum and Halodule wrightii being far more tolerant of multiple degrading factors than Syringodium filiforme (Thorhaug et al., 1985; Thorhaug, 1985, 1987, 2001)]. This second school of thought is widespread among the “Restore America’s Estuaries” group of 1,500 members and 300,000 volunteers in 800 scientific and government management projects, holding biannual meetings of thousands of restoration practitioners over the past 25 years, all working to restore coastal vegetation in damaged estuaries. The basic estuarine problems still remain, although effluents are sometimes reduced substantially. A number of investigations report on restoring specific types of areas of degradation. In the greater Southeast Asian region, survival in damaged estuaries and subsequent growth of seagrass have also been tested in the face of various types of degradation. A variety of seagrass species were tested in areas degraded by urban waste, dredge channels and artificial land fill, thermal effluents, mining wastes, and non-degraded controls. The focus was to find types of degraded habitats that could be restored by some species. Results clearly showed some dominant species (E. acoroides, T. hemprichii, H. ovalis, H. uninervis, P. australis, P. sinuosa, and A. griffithii) that tolerated a variety of impacts (in historical order, Thorhaug and Cruz, 1987, 1988; Calumpong et al., 1996; Paling et al., 1998, 2001a, 2001b, 2003; Verduin et al., 2010, 2024). That various seagrass species have a range of tolerance to degraded habitat has been shown in over a wide range of multiple seagrass restorations in the Atlantic, such as Chesapeake Bay (Orth et al., 2020), and in Atlantic tropical areas such as Jamaica (Thorhaug et al., 1985) and Biscayne Bay, Florida (Thorhaug and Hixon, 1975; Thorhaug, 1985), Texas coastal waters (Thorhaug, 2001; Thorhaug et al., 2020c), as well as in the Pacific, in Vancouver Bay, British Columbia, Canada (Durance, 2001).




4.4 Gaps and limitations in the studies reviewed

In the almost 40 studies and 288 trials reviewed, there were some notable gaps. First, many studies did not use two controls to ascertain seagrass transplantation survival: (1) naturally occurring seagrasses and (2) areas barren of seagrass to compare transplantation survival and growth. Both controls are essential to understand natural changes that occur over time in estuarine or coastal sites. Usually, the changes are discovered in time-sequential monitoring. Second, there was no single monitoring methodology, especially for environmental data and for biological data on lateral growth and density of blades of transplanted seagrass. The data measured were dependent on the capability of the investigators, who frequently measured survival only, without a standard environmental monitoring protocol. This gap created difficulties in making statistical comparisons among trials.

Third, few investigators measured seagrass ecosystem services over the period of maturation of seagrass transplantation, including increased biodiversity (fish, invertebrates, reptiles, mammals, and, at some sites, endangered species), improved fish nursery habitat, sublittoral sediment stability, shoreline stability, water clarity, and organic carbon sequestration in sediment under the seagrass. Exceptions are studies on restored-seagrass services including Marbà et al. (2015) on sedimentary organic carbon under restored seagrass in western Australia and Ambo-Rappe (2022) on recolonization of invertebrates in restored Enhalus sites in northern Indonesia.

Fourth, planting attempts by the non-scientific community stand out as having very different results from plantings led by experienced seagrass scientists. Seagrass restorations at very shallow sites had already been demonstrated to be disrupted by wave energy compared to plantings deeper than 2 m in the 1,786 trials reviewed by van Katwijk et al. (2016). 5 While we appreciate the PEA Thailand community groups’ enthusiasm and concern for the environment, they failed completely. It is our opinion that community efforts should be led by someone with scientific seagrass experience. Data from community plantings created negative results due to their large numbers of PUs not surviving. This lowered the overall survival rate for that species and methodology. Our intuition tells us that community plantings were carried out in very shallow waters, because the groups thought that the depths for mangrove planting would also be appropriate for seagrass planting. Their methods may have followed previous community mangrove planting methods that included planting in dry intertidal areas or in very shallow depths where non-water-skilled community members would be comfortable working. These depths are known to produce very low survival areas for seagrass transplantation, clearly discussed in van Katwijk et al. (2016).




4.5 Recommendations for future seagrass restoration

To improve future success in larger-scale seagrass restoration, based on this review, recommendations for future investigations include the following: (1) Monitoring duration should last at least 3–4 years post-restoration; (2) monitoring should include key environmental factors (listed above), seagrass survival, lateral rhizomal growth expansion, blade length and density conducted across pre- and post-restoration sites, and the nearby naturally occurring seagrass and control areas barren of seagrass; (3) it is optimal to measure animal communities for restoration studies including barren controls [McLaughlin et al. (1983) is an example]; (4) it is highly advisable for materials and funding to be made available to measure organic carbon in sediments at 5-, 10-, and 15-cm depths in restored seagrass at 1 and 2 years and after to build a global database on carbon sequestration associated with seagrass restoration; this can add into an “offset” revenue stream; (5) to prepare for large-scale projects, dominant species in each nation or general coastal region should be tested for tolerance limits to ambient degrading factors at the site such as urban wastes, dredging and filling, agricultural run-off, and other pollutants; and (6) large-scale projects should be funded and carefully managed, planned, and executed as demonstrations to governments, citizens, and organizations that may finance large-scale funding.




4.6 Final concepts

On a much broader scale, this review raises the question, “Can the maximum loss of 7% per year of seagrass ecosystems and their services, predicted by Waycott et al. (2009), be allowed socially (health-wise) and economically (for village employment for planting and enhanced fisheries) in the greater Southeast Asian region?” If not, should governments at the national and international scale as well as other philanthropic groups now begin to conserve and restore seagrasses in large scale?

For those who doubt restoration can catch up with degradation, an example of how rapidly a new technology can be spread throughout the greater Southeast Asian region is the increased mariculture of seaweed and its resulting employment and production in villages throughout Southeast Asia. The type of large-scale restoration we suggest will require national policies focusing on seagrass and coastal habitats to mitigate and restore seagrass. Funding from government agencies and other philanthropic sources as well as training courses are needed.





5 Conclusions

Southeast Asia is estimated to presently have 36,762.6 km2 of seagrass (Fortes et al., 2018), and the greater Southeast Asian region includes additional seagrass extents if PNG, tropical to subtemperate west Australia, and south China are included. The largest global tropical seagrass region is found in this greater Southeast Asian region (Fortes et al., 2018). Minimal estimates are that 50% of the seagrass stock has been degraded over the last century (Ooi et al., 2011; Alongi et al., 2016; Fortes et al., 2018). These losses highlight the challenging need for seagrass restoration. In our review of 228 trials in almost 40 investigations, we found that seagrass was restored with 305,807 PUs, covering an extent of 372,649 m2. Restoration investigations have led to survival in large restoration projects in central western Australia with smaller projects in Indonesia, the Philippines, Thailand, Malaysia, Vietnam, and tropical China (Figure 4). For nine tropical species, E. acoroides at 35% and T. hemprichii at 49.3% survived at higher levels than the more moderate survival of H. ovalis and H. uninervis. For four subtemperate or subtropical species, high to medium survival occurred [P. coriacea (82.3%) and P. australis (63.4%) were the most successful]. Few seagrass services were reported from the restorations: (1) sedimentary carbon measurement under restored seagrass in west Australia (Marbà et al., 2015) and (2) recolonization of invertebrates in restored Enhalus sites in northern Indonesia (Ambo-Rappe, 2022). Other seagrass services were not included in the restoration reports we examined, so we cannot draw actionable conclusions. However, based on comparative data with the Atlantic subtropical and tropical zones, there are indications that restored seagrass meadows appear to be important for the return of lost ecosystem services. This must be fully investigated.
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Footnotes


1 Seedling data in this Southeast Asian region were skewed by a single failed trial by a Provincial Electricity Authority in Thailand, where Enhalus acoroides was planted without expert guidance, using the seedling technique to plant 103,000 PUs. These were apparently planted in very shallow depths just before a monsoon by community participation, not by knowledgeable scientists.

2 The four types of seagrass seeds (Kuo and den Hartog, 2006) are the following: (1) hard-exterior seeds that bury in sediment and germinate later; (2) fleshy fruit that floats during dispersal, then sink to the bottom (e.g., Enhalus and Thalassia); (3) viviparous seedlings (e.g., Syringodium) dispersed by flotation of fruit or fruit-bearing blades; and (4) floating seeds (Ruppia).

3 The terms “low light” is ≤15% of surface light, “medium light” is 16%–50% of surface light, and “high light” is above 50% surface light.

4 Our use of qualitative energy terms was as follows: Low-energy sites are highly protected, experiencing calm water, with exposure to low currents and low tidal flow. Medium-energy sites are associated with occasional strong waves and currents during storms and moderately protected from prevailing or occasional high storm winds. High-energy sites are far less protected from prevailing winds and can experience the effect of fetch, open ocean waves, and occasionally major currents.

5 We offer the caveat that seagrass restoration is more difficult than mangrove or marsh restoration and should not be thought of as using similar methods. Those experienced in seagrass restoration have repeatedly found that it does not have similar success rates as mangrove or marsh restoration.
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