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Rewilding the Sea with 
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It is well known that seagrass meadows sequester atmospheric carbon dioxide, protect coasts, provide nurseries for global fisheries, and enhance 
biodiversity. Large-scale restoration of lost seagrass meadows is urgently needed to revive these planetary ecosystem services, but sourcing donor 
material from natural meadows would further decline them. Therefore, we advocate the domestication and mariculture of seagrasses in order 
to produce the large quantities of seed needed for successful rewilding of the sea with seagrass meadows. We provide a roadmap for our proposed 
solution and show that 44% of seagrass species have promising reproductive traits for domestication and rewilding by seeds. The principle of 
partially domesticating species to enable subsequent large-scale rewilding may form a successful shortcut to restore threatened keystone species 
and their vital ecosystem services.
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Seagrass meadows provide multiple global and local  
 ecosystem services, including carbon sequestration 

(McLeod et al. 2011), coastal protection (James et al. 2021), 
and water quality improvement (Lamb et al. 2017, Sanchez-
Vidal et al. 2021), as well as habitat and fish nursery provi-
sion (Nordlund et al. 2016, Unsworth et al. 2019). Seagrass 
meadows were estimated to have initially occupied over 
10% of the total worldwide sea floor that receives sufficient 
light—that is, 0.6 million square kilometers (Duarte 2017). 
The global extent of seagrass meadow has, however, almost 
halved over the last century because of anthropogenic 
pressures (Waycott et al. 2009). In terms of climate change 
mitigation alone, this loss implies a missed opportunity of 
global carbon dioxide (CO2) sequestration, because these 
lost meadows would have provided approximately 3.6%–
8.4% of the CO2 sequestration required by 2030 to get on 
track toward the Paris targets of limiting global warming to 
1.5–2 degrees Celsius (UNEP 2019; for calculations, see the 
supplemental materials).

Why we cannot rely on natural recovery alone
Unlike bare land turning green after rain, bare coastal sedi-
ments generally do not become vegetated by rooting plants 
after a favorable turn of the tides. Even when anthropogenic 
pressures, such as eutrophication are relieved, recolonization 
by seagrasses typically takes decades to centuries. This may 
be caused by three key hurdles that rooted plants face in bare 
shallow coastal environments: high stress levels (e.g., sedi-
ment instability), high stochasticity (e.g., water dynamics, 

storms), and natural fragmentation (e.g., rocky areas, deeper 
areas, dynamic areas or turbid river mouths). Seagrasses 
cope with these hurdles by the power of large numbers: large 
shoot numbers to reach densities that reduce the impact of 
physical stress and small-scale stochasticity, large meadow 
areas to generate positive feedback loops at landscape scale, 
and large numbers of surrounding meadows with dispersing 
seeds to recolonize meadows lost in large-scale stochastic 
events. From population dynamic theory, it is known that 
this combination of strong positive feedback loops and sto-
chasticity inevitably leads to intermittent local population 
extinctions, meaning that persistence in an area depends on 
reintroductions from nearby populations within the same 
metapopulation (Dennis et al. 2016).

Several observations demonstrate the principle that sea-
grasses persist in their stressful and unpredictable environ-
ment through large numbers and through metapopulation 
dynamics. In the first place, seagrass meadows have been 
shown to be maintained by positive feedback loops, depend-
ing on large numbers or areas, at local scale (e.g., sediment 
stabilization) and landscape scale (e.g., water clarifica-
tion; Maxwell et  al. 2017). Second, many seagrass species 
have both effective local and long-distance seed dispersal 
(Kendrick et  al. 2012, McMahon et  al. 2014), and isolated 
populations tend to vanish (Aloitaibi et  al. 2019), show-
ing both the potential and operation of metapopulation 
dynamics. Third, a global analysis has shown that large-scale 
restoration trials are on average more successful than small-
scale trials (van Katwijk et  al. 2016). Finally, in multisite, 
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multiyear restoration programs, it is often observed that 
only a few trials within the program expand vigorously, 
whereas the remaining trials fail (Suykerbuyk et  al. 2016, 
Paulo et al. 2019, McDonald et al. 2020). These failures can 
often be explained in hindsight (McDonald et al. 2020) or, at 
least, alluded to (Suykerbuyk et al. 2016, Paulo et al. 2019), 
but they cannot be predicted, suggesting the operation of 
chance dynamics in the recovery process.

On the basis of the observed population dynamics and 
previous restorations, we therefore believe that successful 
seagrass recovery requires a large supply of seeds over sus-
tained periods of time and that natural recovery cannot be 
expected within management-relevant time scales. The most 
successful case of seagrass restoration worldwide illustrates 
this principle. The Virginia Bays area on the US East Coast 
showed no recovery of the seagrass species Zostera marina 
after a disease had driven it extinct in the 1930s. Only, by 
the 1990s, two new patches had arrived (Orth et al. 2012). 
Ten years of repeated large-scale seeding then led to the 
restoration of 17 km2 in 2010, which was estimated to have 
accelerated the recovery process from an estimated 40 years 
to only 10 years (Reynolds et al. 2016).

Domestication for rewilding?
Restoration should be sustainable to fully gain the associated 
ecosystem services. This may be achieved through so-called 
rewilding, which is a type of restoration that aims at self-
sustainability, thereby reinstating natural dynamic processes 

in coastal zones (Perino et  al. 2019). 
Although the phrase “rewilding the sea” 
might yield associations with enhancing 
megafauna, because these are involved 
in the most iconic terrestrial rewild-
ing programs, the recent and broader 
description of rewilding by Perino and 
coworkers (2019) accurately fits with our 
plea for rewilding the sea with seagrass: 
reintroducing seagrasses where they 
were lost and beyond and recreating a 
self-sustaining system. The connotation 
with enhancing megafauna is, however, 
not lost, because seagrass meadows host 
several iconic megaherbivores, including 
dugongs, manatees, and sea turtles. The 
term rewilding also hints at the wild-
ness of the seagrass meadows and their 
requirement of a large “territory” for 
self-maintenance. Using this term may 
therefore enhance awareness that “wild” 
processes govern the successes and fail-
ures of seagrass recovery.

Rewilding the sea with seagrass mead-
ows inherently requires large amounts 
of donor material, which should pref-
erably not be sourced from natural 
meadows but could instead be cultured. 

Paradoxically, rewilding the seas with seagrasses could there-
fore depend on the domestication of seagrass. Domestication 
is the intermediate step between resource management and 
agriculture (Zeder 2015). It involves a sustained multigener-
ational, mutualistic relationship in which one organism (i.e., 
humans) assumes a significant degree of influence over the 
reproduction and care of another organism (i.e., seagrass) in 
order to secure a more predictable supply of a resource of 
interest (i.e., seagrass seed), as was defined by Zeder (2015), 
where she added, “and through which the partner organism 
gains advantage over individuals that remain outside this 
relationship, thereby benefitting and often increasing the 
fitness of both the domesticator and the target domesticate.” 
Domestication often leads to changes in traits of the target 
domesticate, which may be preferred or not preferred. Trait 
changes can be influenced by adapting selection processes, 
with or without the use of genomic techniques.

Advancing from traditional restoration toward 
rewilding
Traditional restoration involves the harvesting of donor seeds 
or plants and subsequent seeding or planting (figure 1). Plant-
based restoration involves translocation and planting; seed-
based restoration requires an additional processing step of 
seed extraction and storage. This latter processing step allows 
for treatments like disinfection, removing invasive species, 
dormancy breakage, and seed coating (figure 1; Kettenring 
and Tarsa 2020, Tan et al. 2020). Several technological options 

Figure 1. Evolving from plant-based restoration to seed-based restoration 
to domestication-based rewilding allows for upscaling of the restoration 
while maintaining low donor damage. With increasing scale, the success rate 
increases more than linearly (van Katwijk et al. 2016).
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may improve success in the different phases of traditional 
restoration, depending on the environmental context (table 1; 
van Katwijk et  al. 2016, Orth et  al. 2020, Tan et  al. 2020). 
Domestication-based restoration adds a cultivation step using 
mariculture (figure 1). Mariculture is the provisioning system 
for domestication, providing the infrastructure and tech-
niques to sow, plant, grow, and collect seeds or plants. Going 
from plant-based to seed-based restoration to domestication-
based rewilding, the scale of the restoration effort increases 
while maintaining low donor damage. The probability of 
success increases, because larger scales accelerate survival and 
expansion rates (van Katwijk et al. 2016). Mariculture could 
also lead to the production of vegetative fragments to be 
planted for rewilding (not shown in figure 1).

The mariculture of seagrasses can take place under 
controlled conditions, in indoor or outdoor tanks or meso-
cosms. Alternatively, mariculture can be established in semi-
controlled conditions—for example, by creating or using 
seminatural landscapes that meet seagrass habitat criteria 
(figure 2). These could, for instance, include modified shal-
low water bodies or newly subsided areas under sea level 
rise. In general, most seagrasses prefer relatively sheltered 
conditions, with good water circulation and some nutrient 
supply (but not too much to avoid algal nuisance), as well 
as enough light and a sufficiently low frequency of extreme 
events. Several small-scale mariculture experiments have 
been performed with a number of seagrass species showing 

the potential to culture seeds from seed in mesocosms (e.g., 
Balestri and Lardicci 2012, Tan et al. 2020). However, upscal-
ing seagrass mariculture will require additional research and 
major financial investment.

For the subsequent rewilding step, determining optimal 
locations is challenging, because abiotic and biotic envi-
ronmental conditions change and interact and are therefore 
partly unpredictable (Suykerbuyk et  al. 2016). Locations 
that have optimal growing conditions for seagrass but are 
currently not vegetated are thought to be rare. These could 
include some new sites (e.g., when the depth becomes suit-
able after natural or human induced sedimentation or when 
land subsides rise following sea level rise due to climate 
change) or former seagrass habitats that lost seagrasses 
because of an incidental catastrophe (e.g., Virginia Bays; 
Orth et  al. 2020). Suboptimal locations, where one or sev-
eral environmental conditions hamper seagrass recovery, 
are likely more abundant in our present world. These could 
for example include areas that lost seagrasses because of 
eutrophication. Impressive natural recovery has occurred 
in such areas once the habitat had been improved, provided 
the areas or surroundings still harbored plentiful remnant 
seagrasses (de los Santos et  al. 2019 and the references 
therein). This suggests that rehabilitation of environmen-
tally degraded areas—and, potentially, also of newly created 
coastal inundated areas—could provide fruitful locations for 
rewilding the sea with seagrass.

Table 1. Technological options employed in different phases of traditional restoration (van Katwijk et  al. 2016,  
Orth et al. 2020, Tan et al. 2020).
Phase of restoration Technical option

Harvest Manual or mechanical. Mechanical collection usually involves the excavation of sods. 

Intertidal (challenging in mud) or subtidal (scuba diving or underwater machines). 

Plant material Rhizome fragments with shoots (or “turions”)

Sods: intact units of native sediment with roots, rhizomes and leaves (including plugs or turf pots)

Seedlings

Seeds

Seed processing Disinfection, removing invasive species, dormancy breakage, and seed coating

Seed storage Storage optimization of temperature, water circulation etcetera. Seed losses during storage should trade-off seed 
losses in situ during the unfavorable seasonb

Local habitat treatments, 
usually temporary

Sediment stabilization (may include reduction of bioturbation; e.g., application of shells or biodegradable 
structures)

Protection against grazing (e.g., exclosures)

Wave reduction devices like dams, ridges or exclosures

Fertilizer, growth hormone or iron additions

Planting or seeding design The clustering or spreading of the plants or seeds should trade-off the expected benefits from positive feedback  
(clustering) and countering natural variability (bat hatching by spreading)

Planting techniques Anchoring by staples (including rods, bamboos, pegs, sprigs, iron nails or washers), frames (nonweighted; plant 
material is attached to devices like frames, grids, quadrats, nets, mats or meshes), or weights (provided by rocks, 
shells, bricks, sandbags or by using weighted frames; TERFS)

Seeding techniques Broadcasting for example from a boat or while wading (low water level) or walking (intertidal)

Buoy-deployed seeding: natural broadcasting from bags with seed-bearing shoots attached to buoysa

Injection into the sediment by an automated device or manual injection using dispensers

Note: Large-scale habitat improvement may include a reduction of nutrient or sediment loads (e.g., de los Santos et al. 2019, Greening et al. 
2018); foodweb restoration (e.g., in the Baltic Sea), a reduction of mesopredators, or an introduction of predators (e.g., Östman et al. 2016); 
or the restoration of water circulation (Kruk-Dowgiallo 1991, Lenzi et al. 2003). Abbreviation: TERFS, transplanting eelgrass remotely with frame 
system (Short et al. 2002). aPickerell and colleagues (2005). bInfantes and colleagues (2016).
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Genetic selection: Wanted and unwanted
Genetic selection would likely occur during the various 
phases of seagrass mariculture (Zeder 2015, Espeland et al. 
2017). Basic restoration guidelines prescribe that donor 
populations are adapted to a similar environment as the 
target rewilding area, and have sufficiently high genetic vari-
ability to allow for adaptation to environmental change and 
to avoid inbreeding. In view of this, genetic selection should 
be minimized (Espeland et al. 2017, Pedrini et al. 2020). If 
the environment at the mariculture deviates much from that 
at the donor site, then the probability and effects of genetic 
selection are expected to be more severe (the red arrow in 
figure 2) and even more effort may be required to minimize 
this genetic selection. In terrestrial native seed production 
programs, guidelines to minimize genetic selection prescribe 
multiple collections through time and space, sampling of a 
large genetic variation, promotion of gene flow, reduction 
of selection and provenance tracking (Espeland et al. 2017, 
Pedrini et al. 2020).

Genetic selection focusing on certain desirable traits has, 
to our knowledge, only recently started to become consid-
ered in scientific restoration literature, particularly in the 
context of climate change (van Oppen et al. 2015, Coleman 

and Goold 2019, Gaitan-Espitia and 
Hobday 2021, Pazzaglia et  al. 2021). 
Genetic selection for certain traits can 
be desirable to enhance success in envi-
ronmentally altered environments. In 
seagrasses, an example would be the 
trait for heat resistance in areas such as 
Chesapeake Bay, Florida, in the United 
States, and Shark Bay, in Australia, 
which have regularly experienced lethal 
summer heat or heat waves in recent 
years (Lefcheck et al. 2017, Carlson et al. 
2018, Strydom et al. 2020). Donor mate-
rial could be sourced from populations 
experiencing environmental conditions 
as projected in the near future for the 
transplantations site (Pazzaglia et  al. 
2021). Selection may also focus on pre-
ferred traits to deliver ecosystem ser-
vices or ecosystem goods, such as a large 
biomass or high seed production. In 
such a trajectory, we can learn from new 
domestications on land. In the marine 
realm, plant domestication is still rela-
tively new (e.g., macroalgae for human 
consumption) compared with terrestrial 
domestications, which started millennia 
ago (Duarte et al. 2007) and were mainly 
aimed at producing food.

Similar to our aims, current new 
crop domestications on land are aimed 
at more resilience and less dependence 
on human assistance, such as fertilizer 

additions, and also at enhanced ecosystem services (e.g., 
perennial crops to prevent soil erosion and sequester car-
bon; DeHaan et al. 2020, Fernie and Yan 2020). Therefore, 
new crop domestication is aimed at multiple traits and 
involves an ideotype breeding approach, which means 
that breeding should select for desirable characteristics 
rather than select against defective traits (Tork et al. 2019, 
Fernie and Yan 2020). Where crop domesticators aim at 
“ideocrops” in this way (Fernie and Yan 2020), in coral 
science, the appealing but subjective term super coral 
has emerged to describe corals with superior survivor-
ship (Camp et  al. 2018). For coral and kelp restoration 
in a changing world, the possibilities of assisted evolu-
tion have been reviewed, involving for example selective 
breeding, assisted gene flow, conditioning or epigenetic 
programming, genetic engineering, and the manipulation 
of the microbiome (van Oppen et al. 2015, Coleman and 
Goold 2019), although this approach is much debated 
(Filbee-Dexter and Smajdor 2019, Coleman et  al. 2020, 
Gaitan-Espitia and Hobday 2021). In short, expert fields 
of rewilding and domestication are much closer together 
than in the past, and both wanted and unwanted genetic 
selection concerns all, allowing for mutual learning.

Figure 2. Four types of seeding sites can be distinguished: First, suitable 
rewilding sites, which are relatively rare (see text). Second, suboptimal 
rewilding sites, which should be optimized prior or simultaneously with the 
seeding—for example, by nutrient reduction, removal of physical disturbance 
or improving the food webs (table 1). Third, for mariculture of seagrass, 
seminatural landscapes such as abandoned aquacultures can be used or created 
to allow for frequent harvesting. Fourth, the seagrass plants can be placed in a 
controlled environment—for instance, in mesocosms or tanks. In concordance, 
management effort increases toward the totally controlled environment, but 
also the control of the process increases. In the same direction, genetic selection 
increases, which can be unwanted, or in some cases perhaps be wanted, see text. 
Note that on sea level rise in the twenty-first century, subsiding low-lying land 
may become available for seagrass rewilding or mariculture sites as well.
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Suitable seagrass species traits for domestication 
and for rewilding
Seeds are central to the proposed rewilding strategy, 
because they are more donor friendly than vegetative 
parts, form an easier starting point for breeding and result 
in faster expansion than clonal growth (Orth et al. 2020). 
Exploration of suitable seagrass species for domestica-
tion and rewilding should therefore start with exploring 
sexual reproductive traits (figure 3). Most important for 
the domestication of seagrass species are large seed pro-
duction potential (i.e., the yield) and harvestability—that 
is, aboveground seed production that allows harvesting 
without damaging the (in some cases, long lived) plants. 
Important traits for rewilding are large seed production 
potential to allow for rapid population growth and expan-
sion; short life cycle period, which is the period the species 
can potentially grow from seed and sexually reproduce; 
and high dispersal potential. We assume in the present 
article that seeds can disperse when seeds are located 
aboveground (similar to harvestability).

We applied these criteria on 43 species 
of seagrass (out of the global 62 species) 
for which sufficient data was available (a 
detailed methodology is provided in the 
supplemental materials). This resulted in 
12 species that are highly suitable poten-
tial candidates for domestication and 
rewilding and 7 that are intermediately 
suitable (figure 4). This means that 44% 
of the seagrass species have potential for 
a domestication and rewilding trajectory, 
and this includes tropical and temper-
ate species (figure 4). Note that many 
populations of these 12 species, although 
they have a high potential seed produc-
tion, may produce none or few seeds in 
some instances or may produce seeds 
at irregular interannual intervals. The 
manipulation of seed production would 
require further research.

Importantly, it should be realized that 
most of the 12 species have colonizing 
or opportunistic traits and may pro-
vide less substantial and diverse ecosys-
tem services than the larger and more 
persistent species (e.g., Nordlund et  al. 
2016). Domestication and rewilding of 
large climax species may also be tar-
geted but likely requires more time. 
In most instances, their recovery will 
also be facilitated by the colonizing or 
opportunistic species (e.g., Maxwell et al. 
2017; an exception being the nonna-
tive Halophila replacing Caribbean cli-
max species under certain conditions, 
Willette et al. 2014).

Perspectives for seagrass mariculture
Seagrass mariculture lots may provide some of the same eco-
system services as “wild” seagrass meadows, as long as har-
vesting of the seeds does not destruct the lots. Interestingly, 
seagrass mariculture may also provide food. For centuries, 
seeds of the seagrass species Z. marina formed the staple 
food for the people of Sinaloa, Mexico (Felger and Moser 
1973). This seagrass can provide more than 5 tons edible 
grains per hectare and has a wide global range. Producers 
of seabread may in fact have a much more favorable starting 
crop than the terrestrial grains encountered by early farmers 
12,000 years ago (supplemental data S1). In general, multiple 
goods, including medicine, are provided by seagrass, and 
new applications continue to be discovered (de los Santos 
et al. 2020).

Seagrass domestication and mariculture, as well as 
rewilding of the sea with seagrasses at an industrial 
scale, are perhaps not feasible in 2021. However, it may 
become a realistic option within decades when climate 

Figure 3. From the top left clockwise four species with high seed production 
representing four genera: Zostera marina with seeds, Ruppia maritima 
with seeds, Halophila decipiens with a fruit containing approximately 30 
seeds, Halodule wrightii with mature pairs of fruits. Photographs: Marieke 
van Katwijk, Stephan Mifsad (www.maltawildplants.com) and Brigitta van 
Tussenbroek. The top right photograph (Ruppia maritima) is reproduced with 
permission from Stephen Mifsud.
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measures become more stringent. At the same time, low 
lying countries, facing 0.5 meters or more sea level rise 
by 2100 (Brown et  al. 2018), will have to, voluntarily 
or involuntarily, give up land for sea. Potential seagrass 
rewilding areas and mariculture lots may become increas-
ingly available as present agricultural land may subside 
under sea level rise during the next century (Brown et al. 
2018). Established seagrass meadows may subsequently 
help to prevent further subsidence (James et  al. 2021). 
Note that the seagrass rewilding sites need environmental 
protection, but they also need to be economically and 
socioculturally sustainable (Unsworth et  al. 2019, as is 
also reflected in the Sustainable Development Goals of 
the UN 2017). Financial and legal incentives can facilitate 
a transition of degrading practices toward more seagrass-
friendly use of coastal ground and fuel sustainable inno-
vations (Guerry et  al. 2015, UNEP 2020). Locations off 
site from coastal areas or offshore may be considered for 
mariculture, although this will involve extra logistic chal-
lenges and costs.

Reserving some decades to (start) preparing for domes-
tication and mariculture is not much, given that land-based 
agriculture has already a history of thousands of years 
and agricultural techniques still improving. Although sea-
grass restoration with return of nearly all functions can be 

achieved within 10–20 years (Orth et  al. 2020), preceding 
monitoring of the habitat characteristics and research into 
the requirements for seagrasses may take a decade as well. 
Breeding is an iterative process (Tork et al. 2019, van Tassel 
et al. 2020) and may take an additional 8–20 generations to 
show phenotypic differences (DeHaan et al. 2020, Fernie and 
Yan 2020). Note that full return of ecosystem services may 
require more time than the 10–20 years reported in Orth 
and colleagues (2020): In many parts of the world, these 
services are generated by species with less suitable domes-
tication and rewilding traits (located roughly in the eastern 
hemisphere and the wider Caribbean tropics)—that is, larger 
climax species (Nordlund et al. 2016). Rewilding with one of 
the 12 suitable species may help to recover these climax spe-
cies through successional pathways.

In conclusion, domestication to enable rewilding could 
become an important strategy to restore keystone species 
in a changing world, shaping valuable ecosystems and 
their services and goods. For seagrasses, a domestication 
trajectory could start with the species with high seed pro-
duction and short life cycles selected in this review. The 
proposed domestication of seagrass to enable rewilding 
may likely exceed budgets traditionally assigned to nature 
restoration projects by orders of magnitude but will also 
be more profitable. Rather, investments should be part of 
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Figure 4. Domestication of seagrass for rewilding the sea. 19 seagrass species (of 43) have a high or intermediate potential 
for both domestication and rewilding. Domestication potential of seagrass species is derived from maximum seed 
production and harvestability. Rewilding potential of seagrass species is derived from maximum seed production and life 
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budgets required for climate change mitigation, agricul-
tural innovations, and land and sea use transitions in the 
future era.
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