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Seagrasses are important marine ecosystems situated throughout the world’s
coastlines. They are facing declines around the world due to global and local
threats such as rising ocean temperatures, coastal development and pollution from
sewage outfalls and agriculture. Efforts have been made to reduce seagrass loss
through reducing local and regional stressors, and through active restoration. Seagrass
restoration is a rapidly maturing discipline, but improved restoration practices are
needed to enhance the success of future programs. Major gaps in knowledge
remain, however, prior research efforts have provided valuable insights into factors
influencing the outcomes of restoration and there are now several examples of
successful large-scale restoration programs. A variety of tools and techniques have
recently been developed that will improve the efficiency, cost effectiveness, and
scalability of restoration programs. This review describes several restoration successes
in Australia and New Zealand, with a focus on emerging techniques for restoration,
key considerations for future programs, and highlights the benefits of increased
collaboration, Traditional Owner (First Nation) and stakeholder engagement. Combined,
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these lessons and emerging approaches show that seagrass restoration is possible,
and efforts should be directed at upscaling seagrass restoration into the future. This is
critical for the future conservation of this important ecosystem and the ecological and
coastal communities they support.

Keywords: seagrass ecosystems, coastal, climate change, marine plants, restoration

INTRODUCTION

Seagrasses are marine angiosperms that grow in the coastal
waters of every continent except Antarctica (Cullen-Unsworth
and Unsworth, 2016), providing a wide range of ecosystem
services to coastal communities (Nordlund et al., 2018a). Some of
the key ecosystem services provided by seagrasses include coastal
protection (Ondiviela et al., 2014; Boudouresque et al., 2016),
nutrient cycling (Hemminga and Duarte, 2000; McGlathery
et al., 2007), pathogen reduction (Lamb et al, 2017), storage
of sedimentary carbon (Macreadie et al., 2014; Serrano et al,
2019), and the provision of nursery grounds for many species that
support fisheries (de la Torre-Castro et al., 2014; Tuya et al., 2014;
Nordlund et al., 2018b). Yet, despite their environmental, socio-
economic and cultural value, seagrasses globally are undergoing
accelerated rates of decline due to a range of threats including
rising sea surface temperatures, extreme temperature events,
coastal development, coastal urban and agricultural runoffs, and
untreated sewage and industrial waste outfalls (Freeman et al,
2008; Grech et al., 2012; Arias-Ortiz et al., 2018). Declines
to date have amounted to an estimated loss of 29% of areal
extent, or 3370 km?, since records started in 1879 (Waycott
et al., 2009). However, the true extent of seagrass loss remains
uncertain due to estimates of seagrass areal extent globally being
unknown, with many regions of Southeast Asia, the Caribbean,
and the western Indian Ocean still largely understudied and/or
undocumented (Gullstrom et al.,, 2002; Wabnitz et al., 2008;
Fortes et al., 2018). Furthermore, seagrass losses are expected
to continue, further exacerbated by climate change impacts.
While increased temperatures and carbon dioxide concentrations
associated with climate change could potentially increase growth
rates in various species (Olsen et al., 2012; Koch et al., 2013), the
increased frequency of extreme temperature and storm events
is expected to increase mortality (Collier and Waycott, 2014;
Rasheed et al., 2014).

The decline in seagrass habitats has clear and detrimental
ecological and socio-economic consequences, and stemming
this decline through facilitating recovery is urgently needed.
Passive restoration efforts, or rehabilitation, have reduced
anthropogenic stressors to facilitate natural regeneration, such
as the improvement of water quality through removal of sewage
outfalls and agricultural run-off to tackle eutrophication (Bryars
and Neverauskas, 2004; Riemann et al., 2016). Despite the
potential to curb the influence of anthropogenic stressors,
rehabilitation efforts on a global scale have seen varying degrees
of success. It is widely acknowledged that seagrass rehabilitation
is a slow process, often taking years to decades for successful
recolonization and meadow establishment (Leschen et al., 2010;
Vaudrey et al., 2010; Greening et al., 2011). Rehabilitation failure

has been attributed to a variety of factors including limited
propagule supply (Orth et al., 1994; Kendrick et al., 2012), biotic
and abiotic interactions e.g., predation or physical disturbance
(Moksnes et al., 2008; Valdemarsen et al., 2010), shifts to
unsuitable environmental conditions e.g., sediment type or
sediment resuspension (Munkes, 2005; Carstensen et al., 2013),
or failing to fully take into account the original cause of loss.
Significant investment in seagrass restoration or the creation of
new seagrass meadows where they were previously not found
has been used to facilitate recovery of seagrass meadows in
different parts of the world including Europe, North America,
Australia, and New Zealand (e.g., Campbell, 2002; Bastyan and
Cambridge, 2008; Orth and McGlathery, 2012; Matheson et al.,
2017; Paulo et al., 2019). Unlike rehabilitation which ultimately
relies on natural recolonization (Kirkman, 1989), restoration
involves active intervention geared toward returning degraded
habitats to a condition resembling their original condition (Paling
et al., 2009), while habitat creation establishes new meadows in
areas suitable for seagrass establishment but that were historically
uninhabited by these plants (Morris et al, 2006). Habitat
restoration and creation may include efforts such as the physical
planting of seagrasses, distribution or planting of seagrass seeds,
or coastal engineering to modify sediment and/or hydrodynamic
regimes (Campbell, 2003; Weatherall et al., 2016). In this review,
the term seagrass restoration is used to encompass rehabilitation,
habitat restoration, and habitat creation.

Historically, marine restoration has trailed behind terrestrial
and freshwater ecosystems, owing in part due to the scale of
the marine environment and common ownership of resources
(e.g., in international waters) which often leads to difficulties
in management (Hawkins et al., 2002). Furthermore, marine
environments are much more difficult to access and work
in compared to terrestrial environments, and the impacts of
degradation are not always clearly visible to society (Sinclair
et al,, 2013). Restoration of terrestrial systems (including forests,
lakes, and grasslands) has a relatively long history, developing
restoration techniques that are now sufficiently advanced for
adequate returns on high levels of investment (Ruiz-Jaen and
Aide, 2005). The successes currently experienced in terrestrial
restoration have been built upon decades of knowledge and
experience gained through numerous studies and experiments,
many of which were not successful initially but were invaluable
for understanding why early restoration attempts did not work,
and allowed for improvements to restoration methods and
techniques to be made (Nellemann and Corcoran, 2010). In
contrast, restoration of marine coastal ecosystems (seagrasses,
macroalgae, corals, saltmarshes, mangroves) is still a maturing
area of science (Wood et al., 2019). Seagrass restoration is often
deemed too expensive due to a multitude of reasons including
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but not limited to high labor costs, challenges of propagation, and
the need for repeated planting efforts due to losses (Bayraktarov
et al., 2016). These high costs have hindered efforts over the
years. The median cost of seagrass restoration was estimated
at USD 106,782 per hectare based on 64 published studies
(Bayraktarov et al., 2016), and this can be 10-400 times higher
than the costs documented for terrestrial ecosystem restoration
(Jacob et al., 2018).

Seagrass practitioners, indeed all marine restoration
practitioners, can benefit from restoration science and practice
that has been developed over decades in terrestrial ecosystems
and could be applied in marine environments. For instance,
mine site rehabilitation practices considerably focus on the
preparation, composition, form and microbial community
of top soils before planting (Cooke and Johnson, 2002).
These parameters are also likely to be important for seagrass
colonization, and should be given equal consideration as the
more well-known and studied parameters of light, depth and
water quality. Yet sediment dynamics are relatively understudied
(except see Campbell et al., 2018) and often neglected in seagrass
site suitability assessments and preparation. Valuable lessons are
still to be learned from the broader field of applied ecosystem
restoration and continued exploration of methodologies will
yield improved outcomes for some systems. Incorporating
knowledge from the broader field of ecological restoration,
and particularly seeking out ecosystems and methods that
are less familiar to marine ecologists, is likely to yield many
benefits and shortcuts for the young yet rapidly maturing field of
seagrass restoration.

Initial seagrass restoration studies date back to 1939, with
the majority of the work occurring in the United States,
Europe or eastern Asia (China, Japan, and Korea). Efforts
were largely focused on Zostera marina (van Katwijk et al,
2016). A successful example is the recovery of approximately
1700 ha of Z. marina in the Virginia Coast Reserve (Orth and
McGlathery, 2012). These efforts resulted in epifauna invertebrate
recovery in the 1990s (Lefcheck et al., 2017). Recent success
has also occurred in Whangarei Harbor, New Zealand, with
at least 600 ha of Zostera muelleri being rehabilitated due
to management actions taken to improve water quality and
subsequent restoration planting trials (Matheson et al., 2017).
However, many other restoration efforts have seen lower rates
of success (van Katwijk et al., 2016). Nonetheless, the knowledge
and experience gained from these early studies have proved
invaluable for developing the knowledge that has made large-
scale seagrass restoration feasible today.

This review aims to highlight some of the recent seagrass
losses in Australia and New Zealand, and emphasize the
seagrass restoration successes we have experienced. We focus
on some of the challenges that remain and need to be
overcome to enable large-scale seagrass restoration and highlight
emerging tools and techniques being developed that can help
achieve restoration success. Lastly, we discuss the need for
management strategies that address the threats of climate change
and incorporate evolutionary potential for “climate-proofing”
remnant and restored seagrass meadows. Heavier emphasis is
given to Australian restoration work in this review, largely due

to the fact that although there has been recent activity with
regards to seagrass restoration in New Zealand, the New Zealand
effort to date, lags far behind Australia and the world. With the
exception of the research undertaken by Matheson, restoration
efforts in New Zealand are typically focused upon shellfish (e.g.,
Marsden and Adkins, 2010; Hewitt and Cummings, 2013), which
are important taonga for Maori (e.g., Paul-Burke et al., 2018).
Seagrass research in New Zealand has focused on understanding
fundamental community ecology and biology (e.g., Dos Santos
etal.,, 2012; Kohlmeier et al., 2014; Morrison et al., 2014; Serensen
et al., 2018; Cussioli et al., 2019, 2020), macroinvertebrate and
fish communities interactions (e.g., Mills and Berkenbusch, 2009;
Lundquist et al, 2018) and impacts upon these communities
(e.g., Bulmer et al., 2016; Cussioli et al., 2019; Li et al,
2019; Matheson et al., submitted). The fundamental research
that is occurring in New Zealand is required to understand
how New Zealand seagrass function and thereby formulate a
comprehensive understanding of local seagrass dynamics to
successfully implement site specific restoration practices (e.g.,
Matheson et al., 2017).

Seagrass Loss and Restoration: An

Australian and New Zealand Perspective

Seagrass losses in Australia follow global patterns, with a reported
loss of at least 291,783 ha, representing 5.5% of estimated
areal extent, since the 1930s (Statton et al., 2018). These losses
include several large-scale declines in Shark Bay, West Australia,
Western Port, Victoria, and metropolitan Adelaide, which lost
154,800, 17,800, and 5,200 ha of seagrass habitat, respectively
(Tanner et al., 2014; Arias-Ortiz et al., 2018; Statton et al,,
2018). Losses have also been documented in New Zealand (Park,
1999, 2016; Inglis, 2003; Turner and Schwarz, 2006; Matheson
et al., 2011), with one of the more significant examples being
the disappearance of 14,100 ha of seagrass from Tauranga
Harbor since 1959 (Park, 1999, 2016). These losses, and the
associated losses in ecosystem goods and services, can have major
ecological, socioeconomic, and political ramifications (Smale
et al., 2019). For example, the recent estimated loss of 36% of
seagrass meadows in Shark Bay followed extreme temperature
events and resulted in declines of various herbivorous species
such as green turtles and dugongs, seagrass-associated fish
populations, and closure of scallop and blue swimmer crab
fisheries (Nowicki et al., 2017; Kendrick et al., 2019). Similarly,
carbon and nutrient cycling was disrupted (Smale et al., 2019).
Declining seagrass habitats are recognized as a significant threat
to fisheries production, with estimates that seagrasses contribute
AUD $31.5 million per year to Australia’s commercial fisheries
(Janes et al., 2019). In the tropics of Queensland, historically,
seagrasses have shown a remarkable capacity to recover from
large disturbance events without direct intervention (Rasheed
etal., 2014; Coles et al., 2015). This is likely due to a combination
of relatively well-connected seagrass populations (Grech et al.,
2018) and life history strategies of tropical species allowing for
rapid colonization and growth (Rasheed, 1999, 2004). However,
in recent times this situation has changed, with the relative
frequency of La Nifia climate events and severe storms leading to
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sustained losses (McKenna et al., 2015) and cases where natural
seagrass recovery is unlikely. These conditions are predicted
to become more common with climate change (Rasheed and
Unsworth, 2011), making knowledge of how to restore these
tropical species increasingly important. Thus, seagrass losses
represent a major financial cost that could escalate in the event
of complete habitat destruction.

Restoration research in Australia and New Zealand has
focused on small-scale experimental tests using a variety
of techniques ranging from the planting of sprigs (seagrass
fragments) or plugs (seagrass cores) to seed-based restoration
(Supplementary Table S1; Figure 1). The majority of seagrass
restoration trials to date have used shoot-based techniques, with
at least 46 studies since 1986 (Supplementary Table S1). These
have ranged from small-scale pilot studies (e.g., Irving et al., 2010)
to large-scale transplantation trials (e.g., West et al., 1990; Bastyan
and Cambridge, 2008), involving both manual and mechanical
planting (e.g., Paling et al., 2001), and a wide range of anchoring
methods [e.g., artificial seagrass (West et al., 1990; Campbell
and Paling, 2003; Matheson et al., 2017), biodegradable pots
(Kirkman, 1999), and hooks or pegs (Bastyan and Cambridge,
2008)]. Although survival of transplanted seagrass fragments or
cores was low in many studies, promising results are increasingly
reported, with transplant units surviving more than 2 years or
showing shoot densities similar to naturally occurring meadows
(e.g., Bastyan and Cambridge, 2008; Oceanica Consulting Pty
Ltd., 2011, Matheson et al., 2017).

There are no published trials of restoration using seeds
in Australia and New Zealand to date. However, scientists at
the University of Western Australia are currently developing
an approach to collect, process, and remotely deliver seeds
of Posidonia australis, and have seen some early successes at
the trial stages'. Scientists from Central Queensland University
in the multicommodity Port of Gladstone (Great Barrier
Reef World Heritage Area) have also assessed the practicality
of seed collection, storage, and germination for Z. muelleri
restoration (E. L. Jackson, Central Queensland University,
personal communication). The use of seedlings in restoration
is more well-established, especially in the use of hessian bags
which act as a substrate for Amphibolis seedling recruitment.
Long-term trials involving the use of hessian bags placed on
the ocean floor to aid natural seedling recruitment started in
2004, with many showing long-term survival (Irving et al,
2010; Tanner, 2015). Studies on seed-based restoration for other
species have been highly variable and less successful, highlighting
the need for more in-depth research (Lord et al, 1999;
Irving et al., 2010).

The restoration successes seen in Australia and New Zealand
today largely come from studies on Posidonia and Amphibolis,
as well as Z. muelleri in New Zealand (Figure 1). While these
studies have contributed to the overall knowledge of restoration,
more species- and habitat-specific studies are required to
improve restoration success. Species-specific studies are required
to establish clarity around seagrass resilience, especially local
adaptive potential in the face of climate change. Successful

Thttps://seagrassrestorationnetwork.com/seed-based- restoration- 1

restoration efforts will rely upon whether transplants or seeds
are able to persist under future conditions. Success will require
accurate forecasting, which requires rigorous species, site, habitat,
and methodological data.

GOING FORWARD: WHAT ARE THE
GAPS TO BE FILLED?

There are several well-established seagrass restoration
frameworks published to date, including the five-step program
by Campbell (2002), which consists of decision-making trees in
the planning process for restoration. A review by van Katwijk
et al. (2016) has highlighted considerations, such as the removal
of the original cause of seagrass decline or site-specific planting
techniques, that needs to occur before starting on any restoration
activity. Yet, knowledge gaps still exist, which are discussed in
the following sections. There are also lessons to be learned and
applied from the terrestrial restoration community here, and
that designing effective restoration efforts will require input from
multiple disciplines (Miller et al., 2017).

Pre-restoration Considerations

Clear Accountability and Adequate Resourcing

It is essential to put enabling policies and legislation in place
to facilitate broad-scale seagrass restoration efforts required to
halt or reverse rates of seagrass decline. This includes clear
delineation of roles and responsibilities between various agencies,
and attachment of necessary resources to deliver meaningful
programs. For example, the Catchment Management Framework
in Victoria, Australia, set up under the Catchment and Land
Protection Act 1994 (CaLP Act), incorporates environmental,
economic, and social considerations for the coordinated
management of land, water, and biodiversity resources based
on catchment areas (State Government of Victoria, 2020). Each
catchment area has its own management authority, which
works together with other agencies and groups such as Parks
Victoria, Victorian Coastal Council, and local councils and
Landcare groups (State Government of Victoria, 2016). This
ensures legislative accountability for all involved parties, leading
to resources being utilized efficiently, and reasons for failures
identified. In New Zealand, seagrass (Z. muelleri) is listed as
at risk - declining by the Department of Conservation (de
Lange et al, 2017). The New Zealand Government’s draft
National Policy Statement for Freshwater Management (NPS-
FM) issued by the Minister for the Environment in September
2019 requires councils to provide for and encourage the
restoration of inland wetlands. However, there is as yet no
similar requirement for coastal wetlands (which include seagrass
meadows to 2 m below low water). Nevertheless, the proposed
NPS-FM and proposed National Environmental Standard for
Freshwater do provide increased protections for coastal wetlands
from activities including disturbance of the bed and removal
of indigenous vegetation. Whilst restoration policy is rapidly
being embedded into international agreements (e.g., New Deal
for Nature, Convention on Biological Diversity Conference of
Parties 15 (COP), and climate change challenges for COP26
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FIGURE 1 | Infographic showing (a) all seagrass restoration trials carried out to date in Australasia, with inset map showing the concentration of studies carried out
in Cockburn Sound, Western Australia; (b) length of monitoring of seagrass restoration trials based on states, (c) the proportion of different types of transplant units
used in restoration trials across Australasia; and (d) the target genera in restoration trials across Australasia.
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Glasgow), it is yet to filter down adequately into Australian
and New Zealand state or federal government policies for
seagrass restoration. For example, the Environment Protection
and Biodiversity Conservation Act 1999 (EPBC Act) is one of
the key environmental protection legislations in Australia. While
the EPBC Act does provide some provisions for restoration
such as through species recovery plans, these are generally
only for threatened ecosystems (of which seagrass is yet to
become), and these plans are slow to develop. However, there
are also a range of restoration policies in the context of
other ecosystems (e.g., Victorian Waterway Health Management
Strategy), and others that do aim to protect seagrasses (e.g.,
Ramsar management framework, NZ’s NPS-FM). Australia and
New Zealand could expand on these existing polices, and
learn from other regions which have more proactive policies
on marine restoration, such as Living Shorelines (National
Oceanic and Atmospheric Administration [NOAA], 2015), or
from terrestrial ecosystems [e.g., Working for Water South Africa
(Department of Environmental Affairs, 2019) or the Atlantic
Forest Restoration Pact (2016)].

Strategic Prioritization of Efforts
While sound polices and legislation may provide a firm
foundation for upscaling seagrass restoration efforts, investment
may be quickly undermined if resources are not carefully
targeted to areas where threats to seagrass persistence have
been removed or reduced, successful seagrass restoration is
feasible, stakeholders are willing and able to invest, and the
benefits to other environmental and social values are the greatest.
Accordingly, for many natural resource management agencies
that operate at a regional to National scale, we emphasize
the importance of adopting strategic prioritization approaches
to identify high priority areas to guide conservation and/or
restoration efforts. While more complex models (e.g., Leathwick
et al,, 2008; Moilanen et al., 2011) may be desirable in the longer
term, simple decision support tools for prioritizing seagrass
restoration already exist that allow management agencies to
maximize returns by targeting sites where intervention would
be the most cost-effective (e.g., Grech et al., 2011; Tan et al,,
2018). These decision support tools are easy to use, and easily
adaptable to suit different conservation priorities. Furthermore,
these support tools can also be coupled or sequenced with
ecosystem risk assessments, such as the IUCN Red List of
Ecosystems (Rodriguez et al.,, 2015), allowing for a complete
understanding of the conservation status of seagrass ecosystems,
their current and future threats and opportunities for restoration.
Identification of sites for seagrass restoration should be carried
out collaboratively (i.e., between managers, scientists and the
community), to not only ensure that financial resources are
spent efficiently and effectively (instead of opportunistically as
it is largely being done currently), but also so there is a shared
understanding and ownership of restoration priorities.

Once priority areas are identified, at a more local scale,
a clear understanding of environmental conditions should be
incorporated into site selection before investing effort into
restoration (Campbell, 2002; van Katwijk et al., 2016). This
includes consideration of the original stressors that resulted in

seagrass loss, whether they have been mediated or removed,
resulting in a return to a favorable state for seagrass restoration;
or if the environment has been too drastically altered to
sustain seagrass. Accurate information on historical changes is
preferred (but not always available), such as persistence, loss,
gain, or recovery of seagrass meadows, and environmental drivers
affecting their past, present, and future potential distribution such
as light, sediment, temperature, and nutrients. This information
will inform decisions when tackling stressors or threats (van
Katwijk et al., 2016), and when considering which restoration
approach may be most appropriate at a site (Campbell, 2002).
These data can then also be incorporated into habitat suitability
models to identify receptive restoration sites, which are regularly
used in other marine systems like shellfish (Theuerkauf and
Lipcius, 2016). Whilst many types of habitat suitability models
exist, the principle of spatial planning and suitability indexes can
be expanded to include development of restoration suitability
models which encompass not only the environmental and
physical suitability for seagrasses, but cultural, logistical, and
social data as well.

Species-Specific Studies: Reproductive
Biology, Dispersal, and Provenance
Reproductive Biology

There is now a growing emphasis on seed-based restoration,
largely due to the lower impact it has on existing meadows (i.e.,
removal of large numbers of fragments or cores in shoot-based
restoration), and its potential for upscaling (Orth et al., 2006).
To facilitate the growing area of seed-based restoration, more
information is required on how flowering and seed production
varies within and across species, and the environmental factors
that trigger reproduction and germination (Cumming et al,
2017). Substantial inter-annual and small-scale spatial variability
in sexual reproduction has been reported from studies in Western
Australia, New South Wales, Victoria, and New Zealand, with
results suggesting that the timing and intensity of flowering are
influenced by processes occurring across a range of spatial scales
(Dos Santos and Matheson, 2016; Smith et al., 2016; Sherman
et al, 2018). This is important given the differences in the
geographical range of some Australian and New Zealand species.
For example, some species such as Halophila ovalis, can be found
from the tropical waters of Southeast Asia to the temperate waters
of Western Australia and New South Wales (Short et al., 2010).
In contrast, some species have a more confined range such as
Posidonia sinuosa, which is endemic to western and southern
Australia (Short et al., 2010).

Effective seed-based restoration will require improved
techniques for the collection, handling and storage of seeds to
optimize germination and survival. The efficiency of Z. marina
seed collection has been improved through mechanical
harvesting in North America, with an estimated maximum
mechanical collection rate of 132,000 seeds/labor-hour versus
62,000 seeds/labor-hour using manual collection, with minimal
damage to the donor meadow (Marion and Orth, 2010). Seed
collection rates could differ based on meadow productivity,
therefore, studies into whether mechanical harvesting efficiencies
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in the United States can be replicated on Australian and
New Zealand species are worthwhile. Besides collection methods,
species-specific studies on seed storage could also enhance
restoration opportunities, with seeds being collected and stored
for planting during a later more optimal planting season (Marion
and Orth, 2010). Such studies need to take into account the
different characteristics of Australian and New Zealand seagrass
seeds, which have varying lengths of dormancy and sensitivity to
desiccation that will affect the efficacy of seed storage (Orth et al.,
20005 Statton et al., 2012). For example, the seeds of Zostera spp.
which possess a hard seed coat can be viable up to 12 months in
storage (Orth et al., 2000), whereas the seeds of Enhalus acoroides
were only able to survive a maximum of 11 days in storage
(Ambo-Rappe and Yasir, 2015). Lastly, while seed collection is
considered to have less of an impact on donor meadows than
collection of shoots, it is still important to understand the impact
seed collection might have, especially surrounding how much
can be collected without impacting donor meadows and other
connected meadows.

Genetic Diversity and Connectivity

Seagrasses have the potential to disperse over long distances
via ocean currents during various life-history stages (Kendrick
et al., 2012; McMahon et al,, 2018). Population genetic studies
in combination with hydrodynamic models have increased our
understanding of the role/potential of connectivity in natural
seagrass meadow recovery (e.g., Sinclair et al., 2016, 2018;
Smith et al., 2018). Although there is a growing understanding
of the movement ecology of seagrasses (McMahon et al,
2014; Smith et al., 2018), studies on propagule viability and
survival, and establishment success are currently limited (but
see Campbell, 2003; Weatherall et al., 2016). A combined
understanding of the dispersal mechanisms and reproductive
biology of seagrasses will add to the overall understanding of
spatial and genetic connectivity.

Spatial patterns of genetic connectivity can inform decision-
making and help to prioritize management actions (e.g., Sherman
et al., 2016). For example, connectivity estimates can be used to
identify areas that are more likely to recover naturally following
decline (e.g., areas that have steady supply of propagules from
non-local sources) and areas that have limited recovery potential
due to recruitment limitations (e.g., isolated areas expected
to receive minimal or no propagule recruitment from non-
local sources). Habitat enhancement and ecological engineering
to encourage settlement would become priority management
actions for areas showing limited signs of recovery despite
expected propagule supply. In contrast, translocations (e.g.,
physical planting) in combination with habitat restoration
investments would be needed in areas with limited propagule
supply to ensure population establishment.

The level of genetic diversity of source and recipient
seagrass meadows is also an important factor to consider when
augmenting remnant seagrass meadows or establishing new
meadows. Seagrass meadows at the edge of their range may
have lower genetic diversity and higher levels of clonality (e.g.,
Evans et al., 2014) or have reduced seed production as a result
of pollen limitation (e.g., Sinclair et al., in press). Small isolated

populations often have similar issues (Kendrick etal., 2012;
Reynolds et al, 2013; McMahon etal., 2014). Overall genetic
diversity is positively associated with population fitness
(Connolly et al, 2018), and standing genetic variation within
populations is closely tied to adaptive capacity and resilience to
environmental change (Reed and Frankham, 2003; Leimu et al.,
2006). Previous studies also indicate that genetic diversity is
positively correlated with seagrass-related community species
richness and productivity (Crutsinger et al, 2006; Whitlock,
2014). Consequently, selecting genetically diverse meadow(s) as
a donor source is important for maximizing restoration success
(Reynolds et al., 2012, 2013).

Provenance

Declines of many seagrass species have been attributed to
thermal stress associated with rising sea surface temperatures
and extreme temperature events (Marba and Duarte, 2010;
Thomson et al., 2015; Carlson et al., 2018; Babcock et al., 2019).
Many seagrass species persist in low energy and shallow water
environments such as coastal embayments, inlets and fjords.
These environments are particularly susceptible to warming and
extreme temperature fluctuations, compared with open coastal
environments (Harley et al., 2006). Consequently, projections
of rising sea surface temperatures and more frequent heatwave
events pose a significant risk to both natural and restored seagrass
populations (Smale et al., 2019). Populations inhabiting trailing
(or warming) range edges are often less well connected through
dispersal, but can exhibit a high degree of local adaptation and
thus contain unique genotypes necessary for future survival.
However, they are also often most threatened under climate
change (Hampe and Petit, 2005; Zardi et al.,, 2015). Similarly,
intertidal species show niche partitioning of rhizome depth based
upon substrate temperature envelopes (Campbell et al., 2018),
which has further implications when selecting plants from donor
for receiving environs and transplantation depth. This reinforces
the need for management strategies to address the risks of climate
change and maximize adaptive potential.

Traditionally, restoration policy has advocated the use of
local genetic material (known as local provenancing) when
undertaking restoration activities (Jordan et al., 2019). However,
evidence suggests that non-local sources of restoration material
may outperform those from local provenance under future
climates (Sgro et al., 2011; Aitken and Whitlock, 2013; Miller
et al., 2019a). Therefore, future restoration may require looking
at alternative strategies, such as mixed provenancing (mixing
of seed from multiple sources; Broadhurst et al., 2008). Such
approaches can help to broaden the genetic basis of restored
populations to overcome risks maladaptation by providing new
genetic variants for selection to act on (Prober et al, 2015;
Wood et al,, 2019). Such approaches can also help to overcome
fitness reductions is small, inbred and genetically depauperate
populations (Broadhurst et al., 2008; Weeks et al., 2011).

Overcoming risks of maladaptation may be further assisted
by identifying and introducing pre-adapted genotypes (Browne
et al,, 2019). This might be achieved by moving genotypes from
warmer adapted populations to cooler locations to increase the
probability of tolerance to rising ocean temperatures (Schueler
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et al., 2013; Bansal et al, 2015; Wood et al, 2019). This
typically applies to widespread species with wide latitudinal
ranges, many of which show genetically based clines in
performance across thermal gradients (Staechr and Wernberg,
2009; Mohring et al.,, 2014; Bennett et al., 2015). Identifying
pre-adapted or “climate-ready” seed sources for restoration
requires an understanding of adaptive genetic differentiation
among populations spanning thermal gradients. Typically, this
can be determined empirically using quantitative (e.g., glass
house or common garden experiments; Byars et al., 2007; Browne
et al., 2019; Miller et al., 2019a) or correlative (e.g., genomic
assessments for genotype x environment associations; Jordan
etal,, 2017; Miller et al., 2019b) genetic approaches. When genetic
data is not available, climate matching (between restoration
areas and others spanning the species climatic distribution)
can help identify genotypes expected to be suited to future
predicted climates at the restoration area (Winder et al., 2011;
Benito-Garzon et al., 2013).

While opportunities may exist to bolster the genetic basis of
seagrass populations, consideration needs to be given to species’
climate niches under future climates. Species distribution models
suggest that major shifts in suitable habitat will occur under
climate change. In some cases, it has been suggested that there
will be no (or minimal) overlap between current and future
predicted climatic niches (Rehfeldt and Jaquish, 2010; Ledig et al.,
2012; Wang et al., 2016). In such cases conservation of remnant
populations persisting in areas more likely to support the species
under climate change becomes a priority, and interventions, such
as assisted range expansion, to facilitate species movement to
climatically suitable areas may need to be considered (Hoegh-
Guldberg et al., 2008; Cole et al,, 2011; Winder et al, 2011;
Wadgymar et al., 2015). Numerous cautions have been raised
when considering assisted migration, particularly in aquatic
systems (Ricciardi and Simberloff, 2009, but see Schlaepfer et al.,
2009): potential for the species to become invasive (Hoegh-
Guldberg et al., 2008; Mueller and Hellman, 2008, Aitken and
Whitlock, 2013; Hancock and Gallagher, 2014) and transfer
of pests and pathogens from source locations (Simler et al,
2019). Clearly no assisted migration is risk free, but appropriate
precautions including rigorous risk assessment and biosecurity
protocols will act to minimize some concerns (Hancock and
Gallagher, 2014; Simler et al., 2019).

Knowledge of Tropical Species

One of the major gaps in knowledge remains our understanding
of how to restore tropical species in Australia. Most of the
specific knowledge and current restoration paradigms have been
developed from temperate or subtropical experience. There have
been small process studies in the tropics (Rasheed, 1999, 2004)
but to date no larger scale restoration attempts. What we do
know from observations of natural recovery processes in tropical
Australia (Rasheed et al., 2014; McKenna et al., 2015) is that the
life history and reproductive strategies of many tropical species
could be well-suited to restoration as they have the capacity for
rapid clonal growth once established. As to whether a modified
or different set of considerations are required for successful

tropical restoration requires an increased research focus on
understanding the basics.

Ecological Engineering

Ecological engineering was first formally defined as “the design
of sustainable ecosystems that integrate human society with
its natural environment for the benefit of both” (Mitsch,
2012). Since its inception, ecological engineering has come
to encompass approaches such as replacing traditional built
infrastructure with newly created or restored coastal ecosystems
such as mangroves or salt marshes (Temmerman et al,
2013), or designing new or altering old infrastructure to
add structural complexity to promote settlement of marine
organisms (Martins et al.,, 2010; Loke et al., 2017) and reduce
settlement of non-indigenous species (e.g., Dafforn, 2017).
These same principles could be applied to seagrass restoration,
following studies to elucidate conditions where settlement and/or
colonization can be promoted. The suitable conditions for
seagrass growth are generally well established, including light
availability (Duarte, 1991; Ralph et al,, 2007), hydrodynamic
environment (Fonseca and Kenworthy, 1987; Schanz and Asmus,
2003), substratum type (Erftemeijer and Middelburg, 1993; van
Katwijk and Wijgergangs, 2004), or nutrient availability (Udy
and Dennison, 1997; Touchette and Burkholder, 2000). This
knowledge combined with site-specific studies can be used to
inform future development and restoration plans in terms of
ecological engineering. In this instance, ecological engineering is
a form of “passive” restoration, where the conditions to encourage
settlement and establishment are included in development
design. Unintended recruitment has already been reported, for
example, in Singapore, where a small seagrass meadow formed
on a reclaimed shoreline behind a breakwater (Yaakub et al.,
2014; Lai et al.,, 2018). In certain situations, coastal development
will proceed, and loss of seagrass habitat is inevitable. However,
there are opportunities through the coastal development design
phases to incorporate ecological engineering, such as building
breakwaters to mimic shallow embayments to enhance the
settlement of seagrass seeds, propagules or fragments. To be most
effective, these designs need to be combined with other studies,
such as modeling of seagrass seed or fragment dispersal and
meadow connectivity.

Upscaling Restoration Trials

There have been many small-scale restoration trials that have
shown success. However, the challenge remains to translate
small-scale success into large-scale restoration programs (van
Katwijk et al,, 2016). To upscale restoration programs, the
involvement and commitment of industry partners, local
communities, non-governmental organizations (NGOs), and
state and federal government agencies are required to establish
multi-year to decadal funded restoration projects. Programs
need to be holistic and focus on the landscapes and associated
benefits, rather than just a single species. Collaborative designing
of restoration programs between researchers, managers, and
the various community stakeholders would likely increase
restoration success, as each of these groups bring their own
unique (though sometimes overlapping) skills and experiences.
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While grassroots restoration efforts are important for upscaling
restoration efforts, there needs to be effective communication
of the science underpinning restoration to regional managers
and community volunteers to improve the likelihood of success.
In turn, scientists can also gain valuable insights into local
environmental and socio-economic conditions from regional
managers who have on-the-ground experience and knowledge,
which could prove to be extremely beneficial to restoration
programs. For example, coordinated efforts by governmental
bodies and restoration scientists to restore Amphibolis meadows
in South Australia has shown promising results, with trials using
hessian bags in seedling recruitment showing survival for at least
5 years and greater stem lengths compared to natural meadows
(Tanner, 2015; Supplementary Table S1).

Increased Knowledge Sharing

Various academic research groups and management bodies
around the globe work on seagrass restoration, and while their
research outputs are published in international journals and
gray literature, it is well-established that a publication bias
toward successful restoration outcomes exists (Zedler, 2007).
There is much that can be learned from unsuccessful restoration
attempts, or unexpected outcomes that largely go unpublished,
and a platform for knowledge sharing would greatly aid in
disseminating information and generating greater discussion
between seagrass scientists, managers and practitioners.
Scientists clearly provide an important role during research
and development, and ongoing monitoring and providing
information for adaptive management. However, as restoration
projects scale up, they need to be managed like any other large
infrastructure development projects, and most researchers
rarely have the skill sets, experience or capacity to manage
such projects. There is therefore a need to facilitate knowledge
sharing not only between researchers, but also with industries
that have the expertise and knowledge that allows upscaling of
seagrass restoration efforts. Knowledge sharing can be facilitated
through a variety of platforms including formal partnerships
and agreements between industry and research institutions to
collaborate on delivering restoration projects, workshops that
facilitate a broad range of stakeholder engagement and through
the development of network communities. One example of this
is the Seagrass Restoration Network?, which was established in
2015 to link researchers, managers and practitioners worldwide
and facilitate the sharing of knowledge and tools for seagrass
conservation and restoration. The Network currently has more
than 50 members from around the globe.

More Long-Term Monitoring of Meadows

Lastly, more long-term and regular monitoring of seagrass
meadows is needed to understand rates and patterns of seagrass
loss, the likely drivers of these losses, identify potential restoration
sites, and effectively determine the success of intervention (Duffy
et al., 2019). In Australia, estimates of seagrass coverage are
still incomplete, with many regions currently lacking this basic
knowledge (York et al, 2017). In New Zealand, a national

2https:/ /seagrassrestorationnetwork.com

scale inventory of seagrass has recently been collated by
the Department of Conservation’s SeaSketch project. The NZ
SeaSketch project is acknowledged as incomplete, lacking data
for the many unmapped locations, especially those with smaller
areas of seagrass (Anderson et al., 2019). Further monitoring is
required to make informed decisions on where seagrass has been
lost, and where it could potentially be restored. Importantly such
monitoring needs to incorporate larger spatial scale assessments
and mapping to be effective. Long-term monitoring is also needed
for restoration projects, with approximately 61% of Australian
and New Zealand studies monitoring beyond a year, although the
longest running Posidonia restoration site has been monitored
in excess of 20 years (Supplementary Table S1; Figure 1).
This is a problem not unique to Australian and New Zealand
studies (van Katwijk et al, 2016). Among the studies with
long-term monitoring, many lack regular monitoring, with
a few studies only monitoring at the start and end of the
restoration trial (e.g., Connolly et al, 2016). Without long-
term information, the effectiveness of the restoration methods
cannot be assessed accurately, and improvements to the method
cannot be made. Monitoring could incorporate the use of
appropriately trained volunteers, which will help drive research
costs down, raise awareness and encourage local communities
to have a sense of ownership in restoration programs. The use
of novel and potentially more efficient monitoring techniques
should also be expanded upon, such as the use of remote
sensing or drones (Duffy et al., 2018; Nahirnick et al., 2019;
Phinn et al., 2018).

Future restoration programs should dedicate funding for
monitoring programs to ensure that appropriate monitoring
durations are captured. It is important to note that seagrass
restoration is at the stage where effective methods are still
in development, and while we are going through this phase,
many failures are to be expected. As a result, monitoring results
from restoration programs may be discouraging to managers
or community groups who may feel pressure for successful
outcomes due to substantial investment of time and/or money.
This may in turn make it harder to secure funding for future
restoration works if the outcomes are uncertain, or even long-
term monitoring programs which may be more expensive than
the restoration itself. However, it is essential to recognize that
results are not immediate, and that resources need to be invested
to work toward effective restoration programs.

EMERGING TOOLS, TECHNIQUES AND
APPROACHES

There are a variety of new restoration tools and techniques
that have been developed and trialed internationally that show
relatively high degrees of success. However, there is no “one
solution fits all” approach to suit the life history traits of
all species across all conditions. The emerging tools now
make seagrass restoration feasible for many species and at the
large spatial scales needed to restore seagrass meadows and
associated ecosystem services. Emerging approaches focusing
on holistic and collaborative restoration practices have also
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recently been highlighted, aimed at creating a “global restorative
culture” in order to improve human, and ecosystem health
(Aronson et al., 2020). The success of these tools, techniques,
and approaches are underpinned from previous lessons learned,
including many restoration “failures.”

Emerging Techniques in Seed-Based
Restoration

Buoy-Deployed Seeding (BuDS)

The BuDS technique involves the collection of mature
reproductive shoots which are placed in mesh nets attached
to buoys, suspended above plots to be restored with the aim
that negatively buoyant seeds when released, will settle over
the desired restoration plot (Pickerell et al., 2005; Figure 2).
The collection of reproductive shoots can be relatively easy
and rapid (depending on the target species), and BuDS can
be deployed over relatively large spatial scales. Recruitment
based on this technique is currently low, at approximately 1
(Marion and Orth, 2010) to 6.9% of seeds deployed (Pickerell
et al.,, 2005). The use of BuDS ensures high genetic diversity,
which is positively correlated to rates of sexual reproduction,
vegetative propagation, and overall shoot density (Williams,
2001; Reynolds et al., 2012). However, BuDS are unlikely to be
suitable for all conditions and species, having only been tested
on Z. marina thus far (Pickerell et al., 2005; Busch et al., 2010;
Marion and Orth, 2010). BuDS deployed in areas with strong
hydrodynamics might be less effective as seeds can be washed
away at high rates. Marion and Orth (2010) also found that many
of the buoys deployed were coated in drifting macroalgae, and
were potentially grazed upon by large numbers of amphipods

and juvenile crabs, reducing the number of seeds available. Thus,
the overall effectiveness of the method might be limited.

Dispenser Injection Seeding

One of the most recently developed techniques in seagrass
restoration comes from the Dutch Wadden Sea, where seeds are
mixed with local sediment to create a sediment-seed mixture
that is then injected into the substrate using modified sealant
guns (Figure 2). A predetermined amount of seeds is mixed
with sieved fine-grained sediment (median grain size <100 pm),
loaded into sealant tubes, and injected into the sediment using
calibrated sealant guns up to a depth of 1-4 cm, depending on
the depth that the seeds of the target species naturally recruit
from. Sediment is collected close to the restoration sites so as
not to introduce foreign substrate, and is fine-grained as this
allows a cohesive substrate to be formed which in turn keeps
the seeds together for injection into the sediment and keeps
injections standardized. Inorganic clay can also be added to the
natural sediment to improve cohesiveness of the seed-sediment
mixture. This method was trialed in the intertidal Dutch Wadden
Sea, using Z. marina seeds in 2017 and 2018 (Govers, 2018).
Resulting plant densities exceeded target densities of 10 plants
m2 (Figure 2).

This method is promising, especially for sites with strong tidal
currents, such as the intertidal zone, where hand-casting and
BuDS have not been very successful. However, direct injecting of
seeds has yet to be trialed for other seagrass species and is likely
more labor intensive compared to other seeding techniques such
as hand-casting. The technique is also currently suitable for seeds
between 0.5 and 4 mm in size, however, the equipment needed
can be adjusted accordingly for different seed sizes. Additionally,

transplantation (© Harriet Spark).

FIGURE 2 | Emerging tools and techniques developed within the international seagrass restoration community. First row left to right: buoy-deployed seeding
(© Jannes Heusinkveld), Dispenser Injection Seeding (© Laura Govers). Second row left to right: seagrass nurseries (© Gary Kendrick and John Statton); anchoring
shoots using iron nails (© Troels Lange). Third row left to right: artificial in-water structures (© Peter Macreadie), and collection and use of alternative sources of
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if the restoration site is predominantly coarse-grained sediment,
the use of mud (fine-grained sediment) required by this technique
might not be ideal. Nonetheless, it is a valuable technique and is
still less labor-intensive than attempting restoration via planting
vegetative fragments. An adapted version of this method is
currently being trialed for underwater seeding.

Nurseries

The use of aquaculture systems in seagrass restoration is relatively
new, and the few published studies to date have shown promising
results. Under controlled conditions, Tanner and Parham (2010)
were able to germinate and grow Z. marina plants to a size
that was large enough for transplanting within 70-100 days.
Furthermore, the nursery reared plants had a higher survival
rate and better growth than plants transplanted from natural
beds (Tanner et al., 2010). In Australia, seedling culture has also
been carried out on Prunus angustifolia (Irving et al., 2010) and
P. australis (Statton et al., 2013). While the survival of cultured
P. angustifolia seedlings and subsequent outplanting survival
was low (Irving et al, 2010), P. australis fared much better,
with 100% cultured seedling survival after 7 months (Statton
et al., 2013). Furthermore, Statton et al. (2013) were able to
produce larger P. australis seedlings by modifying the sediment
composition used (Figure 2). These studies demonstrate that
aquaculture of seagrass seedlings is a viable source of planting
units in restoration. In combination with more species-specific
studies on seed germination and optimum storage conditions, the
use of nurseries is an effective addition in seagrass restoration,
especially for areas or species where seed production is high.

Anchoring of Shoots With Iron Nails

The use of shoots has been widely used in restoration. These are
often planted directly into the substrate (e.g., Matheson et al.,
2017), however, several anchoring techniques have been used to
varying degrees of success. One of the most successful examples
of the use of anchored shoots for seagrass restoration has been
in Denmark (Lange et al., in review). Danish waters are typically
characterized with periods of severe wave action, and it has not
been possible to transplant Z. marina as unanchored shoots
which tend to be uprooted within short periods. Instead, the
transplanted shoots which had 5-10 cm rhizome were attached
to iron nails of 8 x 0.3 cm by winding a thin iron wire of 0.5 mm
thickness around the rhizome and the nail (Figure 2). The nails
were uncoated pure iron (not corrosion treated) and corroded
within the first year without leaving heavy metals in the sediment.
During transplanting, the rhizome and nail are gently pushed
about 1 cm down into the sediment, ensuring that the base of the
shoots is sitting at the sediment-water interface. This technique
provides sufficient weight to keep the transplanted shoots in place
and has led to the successful restoration of about 1.5 ha of seagrass
in three estuaries (Lange et al., in review). Altogether, more
than 40,000 shoots were transplanted in the three systems. The
transplantations were laid out in a chess board pattern, mixing
bare bottom and transplanted areas. The shoot density increased
from 19 to 900 m~2 within the first 2 years, with vegetative
propagations also partly covering the bare bottom areas. The
return of ecosystem services was also measurable as increased
accumulation of C, N, and P in the sediment, increased infauna

and epifauna biodiversity and species densities compared to the
bare bottom. The success of this technique could be due to the
addition of iron into the sediment when the nail corrodes. Iron
addition into a well-oxidized seagrass rhizosphere increases the
absorption capacity for phosphorus and reduces sulfide toxicity,
in turn increasing seagrass productivity (Holmer et al., 2005;
Ruiz-Halpern et al., 2008). As such, the benefits of iron addition
in combination with this anchoring technique should also be
considered as a mechanism for increasing restoration success.

Artificial In-Water Structures

The use of artificial in-water structures to protect restoration
trials is not new, and some have been shown to improve survival
of both transplanted shoots and seedlings (Campbell and Paling,
2003; Tuya et al, 2017). For example, artificial seagrass units
(Figure 2) which mimic the physical properties of seagrass have
been shown to enhance aspects of the habitat, such as stabilizing
sediment grain size (Campbell and Paling, 2003), preventing
herbivory (Tuya et al, 2017). However, artificial seagrass is
often made of plastic, and given the growing awareness of
marine plastic pollution (Haward, 2018), its use in restoration is
generally undesirable. To counter the use of plastic, researchers
are developing artificial seagrass made entirely out of fully
biodegradable materials to help facilitate restoration without the
plastic footprint (The SeaArt Project, 2020).

Artificial in-water structures can also be used as anchoring
devices to increase the chance of transplant unit survival. These
include tying seagrass shoots to metal frames which are lowered
to the seafloor (e.g., Transplanting Eelgrass Remotely with Frame
Systems (TERFS), Calumpong and Fonseca, 2001; Wendlander
et al., 2020), or to oyster shells (Lee and Park, 2008). These
methods increase restoration success through ensuring adequate
anchoring and tend to be more cost-effective as they do not
require the planting of individual shoots one at a time.

Biodegradable materials, such as hessian and jute, have also
been trialed with great success. These materials can promote the
establishment of naturally dispersing seedlings (Tanner, 2015),
protect seeds from predation (Orth et al., 2006), enhance survival
of restored shoots (Ferretto et al., 2019), and exclude bioturbating
animals, thus increasing survival rates (Wendldnder et al., 2020).
The use of these biodegradable products should continue to be
explored to improve seagrass restoration outcomes through the
challenging establishment phase, although their utility will likely
vary with location.

Alternative Sources of Transplant Units

and Use of Seagrass Wrack

Seagrass propagules are often limited and highly seasonal, and
the collection of transplantation material could potentially put
greater risks on donor meadows. Thus, alternative sources of
transplant units are required to minimize the overall negative
impact of sourcing restoration material. A potentially viable
source of transplant units is seagrass wrack, detached biomass
transported by wind and tides and accumulated on beaches
globally (Macreadie et al, 2017). Seagrass wrack has many
important ecological functions (Kirkman and Kendrick, 1997;
Ince et al., 2007; Del Vecchio et al., 2017), but can also pose
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problems for coastal managers as its over-accumulation is often
viewed as a nuisance by the public and high costs are incurred
in their removal (Macreadie et al., 2017). Efforts are already
being made to make use of this valuable resource, such as
during the aquaculture of P. australis seedlings where it was
recommended as a low cost and readily available nutritional
supplement in restoration (Statton et al, 2013). Beyond its
use as a nutritional supplement, seagrass wrack can also be a
valuable source of transplant material. Terrados et al. (2013) used
Posidonia oceanica seedlings from beach-cast fruits for seagrass
plantings and obtained relatively high success, with 44% survival
for 3 years. The use of wrack-collected seedlings in culturing and
outplanting was also trialed in Australia, albeit to lower success.
Wrack-collected P. angustifolia seedlings showed survival of 6-
9% after 11 months in aquaculture, and survival upon outplanting
was also low (Irving et al, 2010). Storm-generated rhizome
fragments of Posidonia found within the wrack have also been
used successfully for restoration in the Mediterranean (Balestri
et al., 2011) and are currently being used successfully to restore
P. australis in Australia (Ferretto et al., 2019; Figure 2).

Promoting Positive Biological

Interactions
Harnessing positive biological interactions can increase
restoration success (Halpern et al., 2007; Silliman et al., 2015;
Gagnon et al., 2020). Biological interactions in seagrasses include
plant-substrate, plant-microbial communities, plant-plant (both
intra- and interspecific), and between seagrass and other marine
organisms/species such as shellfish, mangroves, and coral reefs.
Many of these interactions are currently well-understood, and
should be considered and included during restoration.
Plant-bivalve interactions have been shown to be largely
positive, with a review which included all marine angiosperms
(i.e., seagrass, salt marshes, mangroves, and freshwater
submerged aquatic vegetation) showing that 70% of studies
with a restoration focus showed positive interactions compared
to 5% for negative interactions (Gagnon et al, 2020). For
example, oyster reefs have been shown to facilitate seagrass
productivity through a variety of mechanisms. Oyster reefs
enhance conditions for seagrass growth through provision
of physical protection from wave action (Piazza et al., 2005),
improve water clarity through filtering particulate organic
matter (Plutchak et al., 2010), and increase sedimentation and
nutrient inputs through addition of feces (Newell and Koch,
2004). Like seagrasses, shellfish reefs are also some of the most
degraded marine ecosystems globally (Beck et al., 2011), and a
cross-ecosystem restoration approach could benefit both oyster
reefs and seagrasses. For example, restored oyster reefs in the
Northern Gulf of Mexico resulted in an increase in seagrass
cover which was not observed in nearby areas (Sharma et al,
2016). New Zealand provides an ideal location to incorporate
seagrass restoration with existing shellfish restoration efforts that
are a major focus of Maori coastal research (e.g., Mullard, 2018).
Similarly, several shellfish restoration projects have also been
initiated in Australia (Gillies et al., 2018). The linkages between
healthy shellfish and seagrass are a stepping stone to increase
focus on seagrass restoration in a holistic manner.

Similarly, plant-soil feedbacks are emerging as an important
area in terrestrial restoration projects, where interactions
between plants, soil and soil microorganisms can have positive
impacts on ecosystem functions. As marine angiosperms with
root and rhizome systems anchored in sediments, seagrasses
exist in a unique ecological niche in the marine system as
organisms that create underwater rhizospheres. The composition
of the microbiome on seagrass roots or within rhizospheres
is an important indicator of seagrass health, and is already
being applied for seagrass monitoring purposes (Trevathan-
Tackett et al., 2019; Martin et al., 2020a). As an extension,
understanding seagrass-microbial interactions could allow us
to manipulate the seagrass microbiome in order to increase
restoration success, given the strong effect the microbiome can
have on sediment biogeochemical processes. For example, the
bacterium Ca. Thiodiazotropha oxidizes sulfides in sediments,
which can prevent sulfide intrusion, a driver that is known
to hinder seagrass recolonization (Fraser and Kendrick, 2017).
These bacteria are present in lucinid clam gills (van der Heide
et al., 2012) but have also been found growing directly on the
roots of numerous different seagrass species and may alleviate
sulfide stress (Martin et al., 2020b). Fundamental research is
required to further understand the nature of similar seagrass-
microbe interactions in a natural context, before potentially
beneficial bacteria (like Ca. Thiodiazotropha) are identified and
incorporated into restoration plans.

Lastly, the current consensus in seagrass restoration is to
arrange transplanted seeds, fragments or cores spaced apart
to reduce competition, allowing for increased growth and
survival (Halpern et al, 2007). However, this negates the
benefits of self-facilitation (van der Heide et al., 2007). Saltmarsh
restoration experiments carried out in the Western and Eastern
Atlantic found that planting saltmarsh propagules in close
proximity increased yields by 107% on average compared to
dispersed planting (Silliman et al., 2015). Facilitation can also
occur between seagrass species. Compressed succession was
used in a restoration project in the Florida Keys National
Marine Sanctuary, whereby Halodule wrightii, a fast-growing,
opportunistic species was used to facilitate the recovery
of Thalassia testudinum, a slow-growing, climax species by
promoting more suitable conditions and reducing additional
erosion (Fonseca et al, 2000; Kenworthy et al., 2018). While
long-term monitoring in this study has shown that T. testudinum
recolonization was still incomplete at 7 years (Furman et al.,
2019), Tanner and Theil (2019) have found both Zostera
and Posidonia seagrasses naturally recruiting within patches of
restored Amphibolis.

These positive interactions could be especially important for
species that are not abundant seed producers, and should be
carefully considered to not only increase restoration success, but
also potentially reduce donor meadow impact through making
the best use of the plants harvested.

Community Involvement

A longstanding limitation in seagrass restoration is the high
labor costs associated with collection of restoration material and
deployment of transplant units. This cost can be greatly reduced
by engaging “citizen scientists” or volunteers. Community
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involvement in seagrass conservation is not new, with long
term community-based monitoring programs in Queensland
(McKenzie et al, 2000) and Western Australia (McKenzie
et al, 2017). Well-established volunteer-based programs are
often associated with assigning simple, realistic, achievable and
locally appropriate tasks (Danielsen et al., 2005), while keeping
volunteers and the wider community up to date on the progress
or results of the program (Sharpe and Conrad, 2006). These same
principles can be applied to seagrass restoration.

A few restoration trials in Australia and New Zealand
have utilized community volunteers, such as the collection of
Posidonia shoots detached after storms for transplantation’,
community planting days on Kangaroo Island (Tanner et al,
2014), engaging recreational fishers in broadcasting seagrass
seeds (Seeds for Snapper)*, collection of Z. muelleri spathes
for seed-based restoration in partnership with Indigenous
sea rangers (Gidarjil Development Corporation) in the Port
of Gladstone (Central Queensland University, 2020), and
participation in seagrass transplantation trials in Whangarei
and Porirua Harbors, New Zealand (F.E. Matheson, NIWA,
pers. comm.). These were done in consultation with restoration
ecologists to ensure appropriate methods were deployed.
Involving community members in restoration and subsequent
monitoring of restoration success not only raises awareness
but creates a sense of ownership and encourages volunteers to
return and donate more of their time (Tanner et al., 2014).
Volunteers are a valuable resource for seagrass restoration, and
there is an opportunity to engage with growing public awareness
surrounding marine conservation and willingness to participate
in citizen science to supplement current restoration efforts
(Martin et al., 2016).

Working in Partnership With Traditional

Owners
Indigenous cultures have been keen observers and active
managers of their natural environment for thousands of years,
and have long-held cultural and traditional responsibilities to
protect and manage their land and sea country. They can provide
valuable insights, observations, and interpretations relating to
the state of the biological, physical, and spiritual environments
(Ens et al., 2015). The Aboriginal and Torres Strait Islander
peoples in Australia are important landowners and managers
of coastal land and sea Country through native title bodies,
cultural and natural resource management organizations, and
other corporations (McLeod et al., 2018). In New Zealand, the
Treaty of Waitangi (Te Tiriti O Waitangi) underpins the Crown-
Maori relationship and Treaty settlements are enabling Maori
to be increasingly involved in resource management as owners,
managers or co-managers of strategic environmental assets.
Integration of western science and Traditional Ecological
Knowledge (TEK) through collaborations is likely to provide
improved outcomes for restoration activities, as well as improved
custodianship of the environment by all stakeholders into the
future (Aronson et al., 2020). In Australia, national guidelines

3https://www.operationposidonia.com/
“https://ozfish.org.au/seeds- for-snapper/

for engagement of Traditional Owners in research exist (see
ATATSIS, 2012) and workshops at the Australian Marine Science
Association annual conferences have been key to establishing
protocols for collaborations on sea country (e.g., Hedge and
Bessen, 2019), and protocols/strategies are being developed
to establish collaborative and respectful partnerships for sea
country research, conservation, restoration, and monitoring. In
New Zealand, it is recommended that restoration initiatives be
grounded in tikanga Maori and Maori values and perspectives,
and be co-designed with Maori to ensure benefit and utility to
Maori (Williams et al., 2018).

TEK is useful in countering perceptions around “shifting
baselines,” especially in “pristine” conservation areas (Jardine,
2019), and observations and whole system approaches to
ecosystem health and climate change (e.g., Mantyka-Pringle
et al., 2017; Nursey-Bray et al., 2019). However, the needs and
aspirations of Traditional Owners should be kept at the forefront.
It is important to consider how Traditional Owners and the local
community are likely to benefit from a collaborative project.
Facilitating time on Country and aligning research questions
with the land and sea management aspirations of the local
Indigenous community can be developed through employment
and training opportunities. This requires extensive pre-planning
and sufficient time to consult with Traditional Owners prior to
a project commencing. An Australian example from Western
Australia’s Dampier Peninsula includes a collaboration between
Western Scientists and the Bardi Jawi Indigenous rangers
who have joint objectives to incorporate indigenous knowledge
into the management of over 250 km of Kimberley coastline
(Depczynski et al., 2019).

A new program for assisting seagrass recovery in Shark Bay
is also a collaborative effort between western scientists and
newly trained Malgana Indigenous rangers. Such collaborations
with Indigenous sea ranger programs provide a great model
to facilitate restoration and assist the existing traditional
custodianship of Sea Country into the future. New Zealand
Maori have been important initiators, partners and/or supporters
of seagrass restoration projects in Whangarei Harbor (ie.,
Whangarei Harbor kaitiaki roopu, Reed et al,, 2004), Bay of
Islands (i.e., Ngati Kuta-Patukeha, Matheson et al., 2010), and
Porirua Harbor (i.e., Ngati Toa, Matheson and Wadhwa, 2012).

CONCLUSION

There is a growing number of seagrass restoration success stories
and an increasing number of researchers and practitioners in
seagrass restoration in Australia and New Zealand. However,
there are still many knowledge gaps that need to be filled,
especially surrounding species-specific studies and the lack of
knowledge for tropical Australian species to avoid generalization
of restoration techniques. This is further exacerbated by a lack
of funding, as restoration is often perceived as too expensive
and wrought with failures. We have now reached a point
where ecologically meaningful large-scale seagrass restoration
is possible given enough scientific, community, and political

Frontiers in Marine Science | www.frontiersin.org

August 2020 | Volume 7 | Article 617


https://www.operationposidonia.com/
https://ozfish.org.au/seeds-for-snapper/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Tan et al.

Seagrass Restoration Is Possible

support. Restoration success rates are improving globally, and
while future failures cannot be ruled out, they will offer guidance
for improving subsequent attempts. Seagrass meadows continue
to be threatened by anthropogenic impacts, so it is imperative
that we attempt to stem the decline and work toward restoring
degraded habitats. A lot of the hard work has now occurred, and
we should now build upon our collective knowledge, engage with
emerging tools, technology, and techniques, and maintain and
build our research effort into seagrass restoration in Australia
and New Zealand.
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