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1. INTRODUCTION

It is useful to begin this chapter with definitions of the terms “rehabilitation”
and “restoration.” “Seagrass rehabilitation” is a general term with the sense of
improving, augmenting or enhancing a degraded or affected area, with the expec-
tation that there will be improvement through return of seagrasses and seagrass
ecosystem function. The term “restoration” conveys the meaning of a return to
pre-existing conditions. Since this is acknowledged as being an unlikely outcome in
practice, “restoration” is usually interpreted as returning the ecosystem to a close
approximation of its condition prior to disturbance (USNRC, 1992). By that
definition, structure and function of the ecosystem are approximately created, but
still with the expectation of producing a natural, functioning and self-regulating
system integrated with the ecological landscape.

The first recorded seagrass transplantation took place in Europe in 1939 (Rei-
gersman et al., 1939). However, since the 1960s, serious restoration experiments
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and mitigation projects using different seagrass species have been attempted world-
wide with varying degrees of success (Fonseca, 1992). The focus, however, has
mainly been on the United States (Treat and Lewis III, 2006), Europe (this chapter)
and Australia (Seddon, 2004). In this regard, it is worth noting that terrestrial
restoration, even of emergent wetlands, has taken place over a much longer time
frame – in the case of the former, for centuries. It is unsurprising therefore that
seagrass restoration is still an evolving science that, globally, remains quite difficult
and challenging (Gordon, 1996). In 1996, while there had been many failed
projects, there had also been successes in putting back small areas of lost or damaged
seagrasses, particularly with faster growing species such as Zostera marina (eelgrass),
Halodule wrightii (shoal grass) and Syringodium filiforme (manatee grass).

Gordon (1996), in his review of the status of international seagrass restoration,
summarized the key issues related to planning, policy and management affecting
seagrass restoration, planting methods, critical issues confronting successful restora-
tion and research gaps identified to further develop the technology. He considered
that the return of functional seagrass (or any other wild community) could not be
guaranteed although success in attempting to restore, rehabilitate or create seagrass
habitat, regardless of location, was more likely where the following factors were
considered: selecting suitable sites, developing methodology appropriate to site
conditions, improving seagrass spreading and coverage rates, accounting for self-
facilitative properties, minimizing donor bed damage, overcoming high labor and
time costs and preventing bioturbation.

In the decade since Gordon’s (1996) review, several of these factors remain
pressing issues (Lord et al., 1999; Greening, 2006). Considerable progress has been
made, however, in addressing many of them. Site selection, for example, has
improved markedly now that factors affecting seagrass growth are better
understood. The application of exposure indices (Fonseca et al., 1998; Kelly
et al., 2001; Fonseca et al., 2002) and technology such as sediment erosion sensors
(Chisholm, in preparation) has also helped to rapidly characterize potentially
successful sites. This and other research has been incorporated into models allowing
assessment of site suitability for seagrass transplantation (Short et al., 2002; Biber
et al., 2008) and has generated better logistical frameworks to guide restoration
programs (Fonseca, 2006).

Methodologies have improved in recent years. Although Gordon (1996)
considered that overcoming high labor and time costs might be met by the
development of mechanical techniques, site-specific manual methods have proven
to be relatively efficient in planting appreciable areas (i.e., hectares) fairly efficiently
(Davis et al., 2006; Montin and Dennis 2006; Orth et al., 2006b; Paling et al., in
preparation). Various mechanical devices have also been developed for seagrass
transplantation ranging from plug and sprig planters for shallow areas (Lewis et al.,
2006; Orth et al., 2006b), boat-based hydraulic extraction of large (i.e.,>1m2) sods
both in the United States (Lewis et al., 2006) and Japan (Nakase and Shimaya, 2001;
Suzuki, 2002), and submerged machinery capable of operating to 15m depth to
move large sods in Australia (Paling et al., 2003). However, these mechanical
devices typically have limited ranges of application with unknown cost effectiveness
(Uhrin et al., in press).
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Other advancements have been the increasing evidence that restored seagrass
beds may become self-sustaining in appropriate time frames (Fonseca et al., 1996;
Paling et al., in preparation; Bos and van Katwijk, 2007; van der Heide et al., in
press) and that many functional attributes return within a few years (Cambridge
et al., 2002; Fonseca, 2006). Recovery of donor meadows has also been better
demonstrated in a range of environments, providing affirmation as a viable source
of transplant material (Fonseca et al., 1987, 1994; Paling et al., in preparation).
However, salvage still remains widely used as a technique for mitigation (Lewis
et al., 2006; Montin and Dennis, 2006).

Despite these advances, problems remain. Bioturbation remains one of the most
vexing problems in many areas (Philippart, 1994; Molenaar and Meinesz, 1995;
Davis et al., 1998; Townsend and Fonseca, 1998; Siebert and Branch, 2007)
although some transplant techniques (Fonseca et al., 1994, 1998; Short et al.,
2006) do provide excellent protection from biotic disturbance. Improving spread-
ing rates is also challenging. Nutrient additions to transplants provide mixed results
in different locations and sediment types (Powell et al., 1989; Kenworthy and
Fonseca, 1992) and research investigating hormone enhancement has been negli-
gible. Ten years ago, techniques had been tested sufficiently to allow small areas of
seagrass to be restored with reasonable assurance (Gordon, 1996). In the last decade,
we have been able to transplant several hectares, and while returns of hundreds of
hectares of seagrass through restoration efforts are still to be realized, tens of hectares
have been attempted (Milano and Deis, 2006).

This chapter updates the progress that has been made over the last decade and
reviews the current status of seagrass restoration and transplant research in those
areas of the world where much activity has taken place: Europe, Australasia and the
United States. Within each region, a brief background is provided on seagrass
geographic distribution, community species composition, causal nature of seagrass
decline and an overview of attempts to facilitate recovery via transplanting. The
chapter concludes with an evaluation of the ecological and economic appropriate-
ness of restoration as a tool for conserving seagrass.

2. REGIONAL ACTIVITIES

2.1. Europe

In Europe, four seagrass species are widespread: Posidonia oceanica, Cymodocea nodosa,
Z. marina and Zostera noltii. The Mediterranean Sea hosts all four species, with P.
oceanica and C. nodosa most abundant. Since the 19th century, additionally, Halo-
phila stipulacea has been spreading into the Mediterranean Sea from the Red Sea
through the Suez Canal. The Atlantic, North, Baltic and Black Sea coasts are
vegetated by Z. marina and Z. noltii (Boström et al., 2003; Hily et al., 2003; Lipkin
et al., 2003; Milchakova and Phillips 2003; Procaccini et al., 2003; Ruggiero and
Procaccini, 2004) and the Caspian Sea is vegetated by Z. noltii (Milchakova, 2003).

Particularly in Europe, with its ancient history, the economic value of seagrasses
has left scattered imprints in written heritage. For instance, the use of seagrass for
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dike enforcements in the Netherlands was referenced in documents of 1328
(Oudemans et al., 1870). The dynamics of seagrass beds were also noticed in the
18th century: “at one place it proliferates, at another it declines, and in still other
places it disappears altogether; or, at places where it was never found before, it
appears and increases year by year” (Martinet, 1782). People tried to predict
abundant yields of seagrass: a rainy and warm spring was thought to enhance
growth, hence the proverb (which can be considered as a primitive predictive
model) “good hay grass, good seagrass” (Martinet, 1782).

These quotes refer to Z. marina in the Wadden Sea, where hundreds of families
depended on its harvest. When this species started to disappear at an unprecedented
scale from the Wadden Sea at the beginning of the 1930s, related to wasting disease,
a local fisherman transplanted seagrass from a remote remaining bed to his former
site of harvest. This attempt was recorded by Reigersman et al. (1939) and is to our
knowledge the oldest record of seagrass transplantation. It failed. Transplantations
with a scientific goal were performed in the same area and era by Harmsen (1936),
who found that subtidal and intertidal morphotypes did not survive when trans-
planted reciprocally but that control transplantations survived.

During the 1930s, in northwestern Europe and the Black Sea, wasting disease
decimated eelgrass (Z. marina) beds; they recovered only partially, and since the
1970s or 1980s new declines related to anthropogenic activities have occurred
(Zaitsev et al., 2002; Boström et al., 2003; Hily et al., 2003; Milchakova and
Phillips, 2003; Duarte et al., 2006). In these areas, seagrass beds are now estimated
to cover only 20–35% of their pristine extent (Boström et al., 2003; Hily et al.,
2003). In the Wadden Sea, subtidal beds did not recover at all (Giesen et al., 1990).
In the western Mediterranean, losses are estimated to be between 30 and 40%
(Procaccini et al., 2003). There is not much known about the eastern Mediterra-
nean, but losses are probably less severe (Lipkin et al., 2003; Procaccini et al., 2003).

Losses of deep seagrass beds are generally attributed to increased turbidity
resulting from eutrophication and/or construction activities. Other seagrass beds
are lost due to mechanical destruction (construction of harbors, beaches, land
reclamation, sediment-disturbing fisheries activities, anchoring, etc.) or due to
pollution (eutrophication, organic loads, thermal plumes, etc.; reviews in Duarte
et al., 2006; Ralph et al., 2006).

When circumstances improve, spontaneous seagrass recovery may be rapid, particu-
larly when the losses were local and the species are capable of growing and dispersing
rapidly. For example, in Portugal, recovery of Z. noltii was recorded after decreased
nutrient loads and decreased fisheries activities. Rapid recolonization following cyclic
geomorphological changes was also recorded in Portugal (Cunha et al., 2005).C. nodosa
rapidly colonized areas that were buried by moving sand dunes (Marbá and Duarte,
1995).Z.marinabeds are highly dynamic (denHartog, 1971) and local disappearances and
recoveries sometimes occur rapidly, as was shown for the Baltic Sea (Frederiksen et al.,
2004a,b), the Wadden Sea – both subtidal and intertidal (Martinet, 1782; Reigersman
et al., 1939; van Katwijk et al., 2006; Reise and Kohlus, 2008) – the Atlantic (Glémarec
et al., 1997) and in the Mediterranean (Plus et al., 2003; Olsen et al., 2004).

P. oceanica, however, is a slow-growing species, its recoveries are slow and the
recovered areas remain vulnerable (Marbá et al., 1996; Gonzalez-Correa et al.,
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2005; Gobert et al., 2006). Increased coherence of patchy Posidonia beds or other
small-scale recovery may be observed after improved wastewater treatment (Jaubert
et al., 1999; Pergent-Martini et al., 2002) or after deployment of artificial reefs
protecting the beds against trawling (Gonzalez-Correa et al., 2005).

Recoveries at the system scale are limited. For example, after large-scale seagrass
decline in the 1930s along the northern Atlantic coasts, there was no recovery in
the Wadden Sea (Giesen et al., 1990). Partial recovery was recorded in the Baltic
Sea and along Atlantic coasts, but often with a time lag of decades (Ostenfeld, 1908;
Duarte and Sand-Jensen, 1990; Glémarec et al., 1997; Boström et al.,
2003; Frederiksen et al., 2004a; Bernard et al., 2005; Gonzalez-Correa et al.,
2005; Duarte et al., 2006), as is also found in other parts of the world (Rollon
et al., 1998; Moore et al., 2000; Neckles et al., 2005; Walker et al., 2006). These
findings suggest nonlinear feedback processes. The existence of multiple stable
states in seagrass beds has been postulated (Duarte, 1995; 2002; Duarte et al.,
2006; Valentine and Duffy, 2006) and even convincingly indicated by long-term
data of Munkes (2005) of an estuary in the Baltic Sea, Greifswalder Bodden. She
found that continuing high turbidity prevented recovery of Z. marina, Ruppia and a
number of freshwater macrophytes despite marked reductions in nutrient inputs
over the last 15 years. In contrast, Z. marina recovered in a similar area in Puck
Lagoon, Poland (J. M. Weslawski, personal communication), where a sewage
treatment plant, constructed in 1988 (Schiewer et al., 1999), reversed the decima-
tion of the Z. marina meadows that had disappeared between 1957 and 1988 due to
nutrient enrichment (Kruk-Dowgiallo, 1991). Similarly in Orbetello Bay, Italy,
seagrasses (Ruppia cirrhosa, Z. noltii and single plants of C. nodosa) recovered from
almost absence in 1990 to more than 1,250 ha cover (>50% of the bay area),
concurrent with macroalgal harvesting, pumping of clean sea water into the lagoon
and reduction of nutrient inputs (Lenzi et al., 2003).

Many transplantation programs have been set up in Europe as a result of
retarded seagrass recovery and also for mitigation purposes. In Limfjord, Denmark,
a large-scale Z. marina transplantation program was carried out to restore natural
values after nutrient loadings were reduced. Of the several techniques tested,
only patches greater than 0.20� 0.20m were able to survive a winter season with
heavy storms in shallow waters. In general, growth and survival rates were highest
in these blocks, though 20% of the plugs also survived at the most favorable site.
Surviving patches increased to 25 times their original size during the first 2 years.
Spring transplants performed best in comparison to summer and autumn trans-
plants. Seed dispersal efforts largely failed due to poor germination in the field. Poor
seed germination was not typical; a batch collected 1 month previously showed
high germination rates in the laboratory (Christensen and McGlathery, 1995;
Balestri et al., 1998).

Presently, only intertidal Z. marina and Z. noltii beds grow in the Wadden Sea,
though during the 1970s these beds also disappeared in the western part. Intertidal
seagrass reintroduction programs started in 1987 mainly to reintroduce intertidal
Z. marina (Giesen et al., 1990; van Katwijk and Hermus, 2000; Bos and van
Katwijk, 2007). Research on habitat requirements revealed that sheltered areas
around mean sea level, with some freshwater influence, are preferred in the
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Wadden Sea (van Katwijk et al., 1999, 2000; van Katwijk and Hermus, 2000; van
Katwijk and Wijgergangs, 2004). Suitability tests of donor populations indicated
that nearby populations were preferred over remote ones (van Katwijk et al., 1998).
Several anchoring techniques were tested and seed-bearing shoots were trans-
planted. The latter was successful for several years, but plants had largely disap-
peared by 2006. In short, Z. marina can maintain itself at very sheltered sites but is
vulnerable to suffocation by macroalgae (Chapter 13). At slightly less sheltered sites,
development is better, but seed germination or young seedling survival fails for
unknown reasons (Bos and van Katwijk, 2005). Bare root transplantations of
Z. noltii were more successful. Transplanted in 1993, patches are still spreading
slowly (Figure 1a, van Katwijk et al., 2006). As in Limfjord (Denmark) in the
Wadden Sea, spring transplantations generally survive better (Noten, 1983; van
Katwijk and Hermus, 2000).

In the 1970s, Z. noltii transplantation had also been performed in the United
Kingdom to increase wildlife potential, particularly for Brent geese, anticipating
mitigation related to the building of an airport. Turf or sod trials were reasonably
successful, but larger scale transplantation failed (Ranwell et al., 1974; Boorman and
Ranwell, 1977). In Mondego Bay, Portugal, experimental bare root transplanta-
tions of Z. noltii were carried out to test the most suitable season for transplanting.
In contrast to more northern locations in Europe, late autumn or winter was
preferred over spring or summer (Martins et al., 2005).

In the Mediterranean, Z. noltii transplantation was carried out using sods during
the 1970s and 1980s in Beaulieu, Martigues, and Toulon, France (Meinesz et al.,
1990; Boudouresque et al., 2006), and in Venice Lagoon (Curiel et al., 1994;
Rismondo et al., 1995). Most efforts used bare root cuttings attached to grids or
looped pickets (Figure 1b), or turfs (“matte”) placed in dug holes. Results varied by
type of cutting (Molenaar et al., 1993; Molenaar and Meinesz, 1995), season
(Meinesz et al., 1992; Boudouresque et al., 2006) and depth (Genot et al., 1994).
Higher planting densities yielded higher survival rates (Molenaar and Meinesz,
1995), which was also found for Z. marina in the Wadden Sea (Bos and van
Katwijk, 2007). At the same locations except Martigues, C. nodosa was transplanted,

(a) (b)

Figure 1 (a) Three-year-old transplants ofZostera noltii in theWadden Sea, fringing theNorth
Sea. These have continued to expand annually. (b) Transplantation of Posidonia oceanica in
France.
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but their fate is unknown after 2 years (Meinesz et al., 1990 and references therein;
Curiel et al., 2005). Additionally, in Venice lagoon, transplantations of Z. marina
and C. nodosa have been carried out, comparing bare root and sod methods (Curiel
et al., 2005). After two growing seasons, cover using the bare root method was
nearly equal to that of sods and was more cost effective. Both C. nodosa and Z.
marina transplantations were successful and expanded at Venice Lagoon.

In France, three patents have been obtained for seagrass transplantation
techniques (Meinesz et al., 1993). As seagrasses are protected there, it is assumed
that no losses occur (however, see Boudouresque et al., 2006). Therefore, no more
restoration programs have been carried out in France since the beginning of the
1990s (Meinesz personal communication). Presently, large-scale – but unmonitored –
mitigations of P. oceanica take place in Spain, with quite poor results (Sánchez-
Lizaso et al., 2006). Innovative approaches that account for environmental
unpredictability and the dynamic population of donor material have been carried
out in the Wadden Sea (van Katwijk et al., 2002).

Recovery of seagrass in Europe has been possible mostly at a local scale,
particularly for slow-growing species like P. oceanica. Large-scale declines may be
irreversible at human timescales for two reasons. Firstly, seagrasses modify their
environment and once they have disappeared, conditions may have become unsui-
table such that only large-scale efforts can overcome problems with erosion and
turbidity (Bouma et al., 2005; van der Heide et al., 2006). Secondly, eutrophication
and organic loading may have altered both sediment and water column properties, a
topic discussed in detail in Chapter 13.

2.2. Australia

A number of authors have reviewed seagrass rehabilitation efforts in Australia
over the past two decades (Kirkman, 1989, 1992, 1997; Gordon, 1996; Lord
et al., 1999; Seddon, 2004). Additional reviews on seagrass communities as a
habitat for fisheries have also been carried out (Cappo et al., 1998; Hopkins
et al., 1998). These works have led to the development of guidelines for the
protection and restoration of fisheries habitats in some places (Hopkins et al.,
1998; Western Australian Environmental Protection Authority, 2004). Despite
the acknowledged importance and significant losses of seagrass habitat in much
of coastal Australia due to both natural- and human-induced causes, seagrass
rehabilitation techniques were not seriously considered in Australia until the late
1980s. Major rehabilitation efforts have since been undertaken in Queensland,
New South Wales, Victoria and Western Australia (Paling and van Keulen,
2002) and more recently in South Australia.

Initial reviews suggested that rehabilitation of seagrasses in southern Australia
was almost impossible due to the slow growth rates of the large temperate meadow-
forming species, reflecting the lack of attention given to pioneering species.
Numerous experiments and development of new techniques have now changed
that view to one of optimism, with the most recent published review proposing
that it is now possible to rehabilitate small-scale seagrass loss (up to several hectares)
(Seddon et al., 2004). Seagrass rehabilitation experiments to date have included
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transplantation trials using mature plants as well as seeds and seedlings, improve-
ment or alteration of degraded habitat to encourage natural return of seagrasses and
addition of plant growth enhancers including fertilizers and growth hormones.

Transplantation experiments initially employed the range of techniques com-
monly used in the United States and Europe, but with little success. This was
thought to be largely because most northern hemisphere seagrasses grow in rela-
tively sheltered conditions in estuaries or coastal lagoons, whereas many southern
Australian seagrasses grow in the open ocean, exposed to oceanic swell. Work in
Western Australia, using plug planting units (PUs), showed that increasing PU size
improved their survival, ostensibly as a result of increased stability against wave
action (van Keulen et al., 2003). This realization led to the development of the
ECOSUB mechanical technique capable of transplanting very large PUs, up to
0.5m2 by 0.4m deep (Figure 2a, Paling et al., 2001a,b).

Within more sheltered waters, traditional manual transplantation techniques are
still viable. Paling et al. (2007) concluded that seagrass rehabilitation was possible at
several locations around Cockburn Sound, Western Australia, following manual
transplantation trials using plugs and sprigs. Subsequently, a large-scale manual

(a) (b)

Figure 2 (a) The ECOSUB system is used inWestern Australia to mechanically transplant
large sods of seagrass. Diver operated to 15m, the cutting machine is capable of removing
0.5-m deep sods that are 0.7� 0.7 m in area. A line of Posidonia coriacea sods are shown here
recently planted by ECOSUB2 which is able to plant in any configuration. (b) Aviable hand-
planting method used in sheltered areas of Western Australia. The sprigs of Posidonia australis
are attached to wire staples by biodegradable cable ties, spaced (as shown here) and then
inserted into the sediment.
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transplanting operation has begun in southern Cockburn Sound using community
volunteers to transplant sprigs of Posidonia australis (Paling et al., in preparation).
This program is being conducted in conjunction with a study on the role of
sediment stability in transplant survival (Figure 2b; van Keulen et al., 2005).
Concurrent transplantation exercises underway in Albany, Western Australia,
have met with very high levels of success (Bastyan, 2002). In a project targeted
for the metropolitan area near Adelaide, sprigs woven into hessian sheets showed
better growth characteristics and appeared healthier than plugs of Amphibolis
antarctica and Heterozostera tasmanica, but plug survival percentage was greater
(Seddon et al., 2004).

Slow recovery times of many large meadow-forming species have led to the
realization that seagrass harvesting and transplantation as a mitigation technique is
not practicable. In response, observations on the role of naturally recruited seedlings
in infilling seagrass meadows led to the use of seeds, seedlings and laboratory-
cultured material as alternatives for rehabilitation. Using various anchoring
approaches for seeds and seedlings of Posidonia spp. and Amphibolis spp., Kirkman
(1998) had consistently poor results. Overall, Posidonia spp. did not survive well and
Amphibolis PUs did not spread after 17 months, apparently due to too much wave
action and inappropriate anchoring. Development of seed stock has recently been
studied. Seddon et al. (2005) cultured naturally collected seagrass seeds within
holding tanks. They concluded that using a large-scale nursery approach to provide
seedlings for rehabilitation was not yet practicable because of excess nutrients.
Likewise, Wilson (2004) worked to develop in vitro propagation of seagrass seed-
lings, but ongoing contamination severely limited its application for large-scale
rehabilitation work.

Observations of seedlings becoming established around natural and transplanted
seagrass patches suggest that propagation by seed is a viable means of patch con-
solidation (Paling et al., 1998). However, subsequent studies by Langridge (2002)
confirmed the poor survival of naturally established seedlings in exposed locations.
High wave energy in southern Australian makes survival of artificially established
seedlings doubtful, with little improvement when sediment-protection meshes are
used. Hessian mats were successful by contrast as a means of trapping and protecting
seedlings in South Australia. A focus is therefore required on methods of
protecting seedlings from erosion and disturbance until they can become firmly
established.

2.3. Oceania

Australia and the Indo/west Pacific have a diverse tropical seagrass flora character-
ized in many places by mixed-species meadows that include species of Cymodocea,
Thalassia, Enhalus, Syringodium and Halodule (Larkum and den Hartog, 1989).
Australia, China and Japan by virtue of their broad latitudinal ranges additionally
have subtropical/temperate seagrass floras, dominated by monospecific meadows of
Posidonia and Amphibolis spp. in Australia and Zostera spp. in China and Japan
(Green and Short, 2003). The important roles seagrasses perform in coastal habitats
are slowly being recognized and acknowledged in Oceania. The role of seagrasses as
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nursery areas for juvenile fish has been assumed for some decades; the physical
influence of seagrasses on their substrate has been realized only recently and is now
receiving careful scrutiny following significant coastal erosion problems resulting
from seagrass loss.

In the Oceania region, there is a growing concern about coastal habitat loss
including seagrass habitats. Many causes are cited as responsible for these losses,
both natural and human, but until the reasons for seagrass decline are understood
and dealt with, restoration remains difficult. While seagrass rehabilitation efforts are
well progressed in Australia and to some extent in Japan, most of the countries in
the region are not in a position to seriously tackle issues of large-scale habitat
restoration; indeed, the concept of marine conservation is not well advanced in
many developing countries in the region. There is a clear push from intergovern-
ment agencies to advance marine conservation with a view to encouraging local
ownership of these environments and provide training in grass roots environmental
management.

Numerous reports have identified the problem of habitat loss and degradation in
southeast Asian and Pacific countries, particularly in areas of high population
density and human impact, including deforestation, mining and agriculture.
While there is considerable concern about these losses, particularly at a local
level, efforts to protect and rehabilitate seagrass habitats are hampered by a number
of factors. The first of these is a poor knowledge of the distribution and condition of
seagrass habitats; this is largely due to a lack of accurate mapping and monitoring,
exacerbated by high turbidity in many tropical coastal areas, hampering the effec-
tiveness of aerial photography. The detailed aerial mapping exercises carried out in
parts of Australia are not possible in many parts of southeast Asia because of lack of
water clarity and economics. The second major factor is the poverty experienced by
much of the coastal populations of southeast Asia and the Pacific Islands. Their
reliance on subsistence fishing and the urgency of obtaining food leaves little energy
or resources for environmental stewardship.

2.4. Southeast Asia

Throughout southeast Asia, there has been a growing awareness of the importance
of seagrass ecosystems to local fisheries. The Philippines government in particular
has been active in promoting the values of seagrass ecosystems. In the early 1980s,
the government requested assistance from the Food and Agriculture Organization
of the United Nations to investigate the feasibility of seagrass rehabilitation in the
Philippines (Thorhaug, 1987). An international consultant was appointed to
provide a technology transfer program to introduce seagrass rehabilitation techni-
ques and to undertake an experimental transplantation program. In addition, the
program examined transplantation by plugs and sprigs of five common species, as
well as of Enhalus seeds. Transplantation was carried out in areas subject to a range
of human impacts, including dredging and pollution by sewage, mine tailings and
thermal effluent. All species showed moderate success in the trials, with best
performance by Enhalus, although the colonizing species Halodule, Cymodocea and
Syringodium showed the most lateral spreading. Of the techniques used, sprigs were
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most successful; dredged and filled areas showed the best results overall for trans-
plant survival (Thorhaug, 1987).

While the trials of transplanting conducted by Thorhaug appear to have been
largely successful, Fortes (1990) acknowledged that perhaps the poverty of these
communities precludes the luxury of being able to implement western-inspired
conservation measures. To help combat these problems, a recent UNEP/GEF
program has established a number of habitat demonstration sites across the region,
aimed at demonstrating sustainable environmental management practices and
reversing habitat degradation (UNEP, 2004). The habitat sites selected included
four for seagrasses located at Bolinao, Philippines; Hepu, China; East Bintan,
Indonesia; and Kampot, Cambodia; these have been progressively implemented
since 2005 (UNEP, 2006). Project targets include control over seagrass-destructive
practices and recovery of damaged areas within demonstration sites, as well as
community education and training to encourage community ownership and cus-
todianship of the sites across the southeast and eastern Asian region (Fortes et al.,
2006).

Artificial seagrass units were deployed in Singapore to provide an artificial
habitat in degraded areas (Talbot and Wilkinson, 2001). This was found to be
effective in providing a sheltered habitat for benthic organisms, thus enhancing
recovery of degraded systems. Similar deployment of artificial seagrasses has been
undertaken in the Philippines with a view to improving fisheries production
(Fortes, 1988). Talbot and Wilkinson (2001) suggested that seagrass recovery best
responds to removing the cause of disturbance but noted that this is difficult where
limited resources preclude such broad level changes to environmental management.
In the interim, transplanting and artificial seagrass projects were seen to provide a
short-term solution.

Most seagrass on the Korean coast, primarily Z. marina, has been lost due to
anthropogenic disturbances since the 1970s; however, there has been no large-scale
rehabilitation program in place to date. Recent research has been conducted using
staples, Transplanting Eelgrass Remotely with Frame Systems (TERFS) and oyster
shells at different times of year and sediment types (Park and Lee, 2007); the authors
noted that staple transplants were most successful but particularly costly when
compared to the other two methods that did not require diving (Short et al.,
2002). High temperatures were observed to have a strong deleterious effect on
transplants established in summer.

2.5. China and Japan

During the recent development of the new Hong Kong International Airport,
attempts were made to transplant Zostera japonica that was at risk from sedimentation
during the land reclamation process at San Tau Beach. While transplanting the Z.
japonica at San Tau was successful, attempts to transplant seagrass to other locations
were not. It was suggested that there was a lack of appropriate locations for
transplanting seagrass to, as most suitable habitat was subject to land reclamation
or other coastal development (Fong, 1999). As part of the UNEP/GEF sustainable
marine habitat management demonstration program, a site was established at Hepu
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in southern China. The intention again is to improve community and local
government awareness of the importance of seagrass ecosystems with a view toward
involving the community in seagrass management.

Numerous concerns have been aired about the loss of seagrass meadows from
the Japanese coast, particularly in response to large-scale coastal developments.
While little has been published, there are a number of workshop proceedings;
detailed methods and results are not readily available, however. Attempts have been
made to enhance germination and growth of seagrass seedlings using a “sowing
sheet.” This consists of a cloth sediment protection that prevents loss of seeds and
seedlings during the initial growth stages. Results appeared promising after 2 years,
although it was concluded that coarser cloth might be better for root penetration
(Yoshida et al., 2001). More recently, a seed harvesting mat was developed to trap
naturally released Zostera seeds and provide a stable substrate for germination and
establishment before transplantation to the restoration site (Taisei Corporation,
2006). Results from controlled mesocosm studies that replicated tidal flows and
wave exposure indicated that seagrass restoration would be feasible in Tokyo Bay
(Nakamura, 2005).

Experimental seagrass transplantation was conducted in Japan as part of mitiga-
tion studies for coastal landfill activities in the Awase Tidal Flat, Okinawa. This
project transplanted large (�1.5m2) blocks of seagrass and sediment using a mod-
ified backhoe. The process is modified from terrestrial turf transplantation techni-
ques. Transplanted blocks did not survive the high wave energy; in fact sand from
the disintegrating blocks smothered some of the surrounding patchy seagrass.
Subsequently, manual transplantation experiments were deemed appropriate and
the landfill project was allowed to proceed (Suzuki, 2002).

Penta-Ocean Corporation developed a seagrass transplantation machine built
on an excavator platform for intertidal applications. The technique appears similar
to the Western Australian ECOSUB system and consists of a bucket harvester that
scoops up an intact sod of seagrass; the interior of the bucket can be removed from
the machine and transported separately to the transplant site (Penta-Ocean web
site, http://www.penta-ocean.co.jp/english/r_d/envi/eelgrass.html). Encouraging
results were obtained during trials in Hiroshima Province (Nakase and Shimaya,
2001); however, these authors also cautioned about the need for appropriate wave
energy conditions to ensure long-term survival and growth.

2.6. New Zealand and the Pacific Islands

While there has been recent concern about damage to seagrass ecosystems in New
Zealand’s developed coastal areas, few rehabilitation studies have been conducted.
Transplantation trials using sprigs, plugs and 1m2 sods of Zostera novazelandica in
Manukau Harbour in 1993 showed good survival until the onset of winter storms
after 6 months. The cause of decline was believed to be increased sedimentation
and erosion of the PUs (Turner, 1995). Extensive loss of seagrass from Whangarei
Harbour since the 1960s was believed to be due to increased sediment load and
turbidity resulting largely from dredging and sediment discharge (Reed et al.,
2004). Subsequent evaluation of environmental conditions within the harbor
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determined that conditions were suitable for a proposed transplantation program
(Reed et al., 2005; A.M. Schwarz, personal communication). A comprehensive
management document for New Zealand seagrasses was released that outlines key
concerns and priorities for conservation (Turner and Schwarz, 2006).

Coles (1996) visited several Pacific island nations as well as Malaysia and
reported an overall support for environmental restoration work, including the
rehabilitation and transplantation of seagrasses. It was felt, however, that these
were not more than cosmetic attempts and not likely to be particularly effective.

2.7. United States

There are approximately 12 species of seagrass in North America and they form
substantial habitats in all coastal states except Georgia and South Carolina. Eelgrass
(Z. marina) occurs in the temperate zone, along with Ruppia maritima, which
appears to be ubiquitous. On the west coast, Phyllospadix spp. (surfgrasses) are
found in the rocky intertidal zone, as well as an invasive Z. japonica. In the southeast
and Gulf of Mexico, Thalassia testudinum forms extensive, slow-recovering beds. In
addition, S. filiforme, H. wrightii and four Halophila species are present.

Seagrasses were used by Native Americans, and early 20th century Europeans
used Z. marina for insulation. More recently, they have only been valued for their
role in supporting waterfowl and fisheries, especially the bay scallop (Aequipecten
irradians concentricus). Although recognized for their functional role in coastal ecol-
ogy as early as the 1920s on the east coast, quantitative studies did not begin in
earnest until the 1970s. Since then, published work on seagrasses has grown
exponentially.

The correlation between human activities near the shoreline and seagrass
decline was clear a decade ago (Short and Burdick, 1996). Large-scale losses had
been documented in Chesapeake Bay (Orth and Moore, 1981) and in the Gulf of
Mexico (Livingston, 1987). Seagrass beds in Tampa Bay were reduced by over 50%
(Haddad, 1989) and 35% of the seagrass acreage in Sarasota Bay was lost, as well as
29% of that in Charlotte Harbour, Florida and 76% of that in Mississippi Sound
(Eleuterius, 1987). Pulich and White (1991) reported a loss of 90% in Galveston
Bay, Texas. Thom and Hallum (1991) reported similar ranges of losses from Puget
Sound and large declines have occurred in the San Francisco and San Diego Bays
(Kitting and Wyllie-Echeverria, 1992).

The loss of seagrasses due to dredge-and-fill activities has been significant
although direct impacts from mooring scars and propeller scars (Sargent et al.,
1995) also emerged as a major source of habitat loss, along with scallop harvesting
and the practices of raking and prop-dredging for other shellfish and crabs. In
contrast to physical damage, most of the documented seagrass loss in the United
States, as elsewhere in the world, has been due to human-induced reductions in
transparency associated with degradation of water quality (Kenworthy and Haunert
1991). Thermal effluents from electric power plants have also caused extensive
declines (Zieman and Wood, 1975; Fonseca et al., 1998). Losses due to decreased
light availability tend to be irreversible except in rare cases where nutrient
discharges are reduced to improve water quality (Johansson and Lewis, 1992).
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Tremendous losses of this habitat have therefore occurred as a result of devel-
opment within the coastal zone. While disturbances usually kill seagrasses rapidly,
their recovery is often comparatively slow (Fonseca et al., 1987). In recognition of
this, seagrass ecosystems are now protected in the United States under the federal
“no-net-loss” policy for wetlands in recognition of their role in performing impor-
tant ecological functions.

Prior to the decision to transplant, site selection should be carefully evaluated. In
many cases where the injury was mechanically derived, restoration can often be
achieved, but may also require engineering interventions to “fix” the site, such as
filling excavation holes caused by vessel groundings (Figure 3a) or altering water flow.
However, when the injured site has been irrevocably altered and offsite selections are
made for restoration, more significant problems arise, usually from improper identi-
fication of potential sites. The most common mistake in site selection is the assump-
tion that open areas or gaps among existing seagrass are prime sites for restoration
when, in reality, the sites either cannot support seagrass or currently support very low
densities. This problem has been addressed in detail in several publications (Fonseca
et al., 1987, 1998; Fonseca, 1992, 1994). Suffice it to say, Fredette et al.’s (1985)
condition “If seagrass does not grow there now, what makes you think it can be
established?” best sums the problem and defines the question that must be answered
in order to begin a logical process of site selection. Criteria for offsite selection include
(1) locations that have similar depths as nearby natural seagrass beds and are similarly

(a) (b)

Figure 3 (a) Sediment-filled tubes constructed of biodegradable fabric are placed into
propeller scars in Florida to prevent additional erosion and to enhance seagrass recovery.
Filling the scar with tubes brings the sediment to the surrounding level, which enables
adjacent seagrass rhizomes to grow over the scar. (b) Transplanting Halodule wrightii near
Beaufort, North Carolina, using the peat pot method. This photograph shows the use of the
plugger dropping a small plug into a peat pot inwhich pelletized fertilizer has been added.
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anthropogenically disturbed; (2) areas not subject to chronic storm disruption;
(3) sites not undergoing rapid and extensive natural recolonization by seagrasses; (4)
similarity to sites where seagrass restoration had been successful; (5) areas of sufficient
acreage to conduct the project; and (6) an area that could be restored to a similar
quality of that lost (Fonseca et al., 1998; Calumpong and Fonseca, 2001). By giving
attention to these criteria, the probability of successful restoration can be greatly
enhanced. Recently, however, significant advances have been made using modeling
approaches in site selection (Short et al., 2002; Biber et al., 2008).

Since the publication of Fonseca et al. (1998), there have been few observable
advances in technological innovation in regard to seagrass transplantation
(Figure 3b), with two notable exceptions. Mechanical planting, once only
represented by large benthic machines in Western Australia, has now been devel-
oped for shallow-water planting in the United States. Versions of the machine that
transplant large sods have had successful field trials (Uhrin et al., in press) in contrast
to designs for individual planting, which are ineffective relative to manual methods
(M. Hall, personal communication, Florida Fish and Wildlife Commission).

Another innovation has been the improvement of seeding techniques (at least
for Z. marina) through improved holding processes (R. Orth, personal commu-
nication, Virginia Institute of Marine Science) and deployment techniques such as
reusable seed buoys (Pickerell et al., 2005). The use of appropriate seeding techni-
ques is undoubtedly the most promising method for large areas. Nonetheless, even
moderate attention to logistics and manual techniques can have large payoffs.
Recent restoration work in Tampa Bay, Florida, was most successful by simply
using shovelfuls of seagrass hand-dug, transported with care and installed.

3. POLICY ISSUES RELEVANT TO MITIGATION

The US federal “no-net-loss” policy, based initially on wetlands, places empha-
sis on replacing the area and functions of areas that are converted to other uses.
“Compensatory mitigation” is a term used for destruction of existing habitat when
the agent of loss and the responsible party are known. Compensation assumes that
ecosystems can be successfully replaced. While planting seagrass is not technically
complex, there is no simple way to meet the goal of maintaining or increasing
acreage. Rather, the entire process of planning, site selection, planting and monitor-
ing requires attention to detail if successful outcomes are to be expected. [In contrast,
“restoration” is the term that is often used when there is no responsible party. In these
cases, community-based approaches place emphasis on planting, with little attention
to monitoring the outcome. Because the causative agent is ambiguous in such cases,
and may be related to water quality, it is unlikely that planting efforts will be
successful (see site selection above).] To prevent continued loss of habitat under
compensatory mitigation, decisive action must be taken by placing emphasis on
improving site selection, compliance, generating desired acreage and maintaining a
true baseline. Many recent projects that involve logical site selection and new
planting methods show great promise for reversing the trend of project failure.
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A logical and ecologically defensible goal of mitigation is to replace the lost
seagrass species with a surface area that compensates for interim lost resource
services and shoot density. Effective examples of plantings quickly provide many
of the functional attributes of natural beds. However, when destruction of an
impacted site requires planting in another location (i.e., offsite), it is often difficult
to find a location with suitable biological and physical conditions.

Given these goals and assumptions, the status of seagrass restoration can be
viewed from within the US legal framework. Seagrass beds in coastal waters are
generally viewed as public trust resources. Injuries to these resources are considered
losses suffered by the public, and violations have been successfully prosecuted in US
Federal Court. To evaluate this loss in a fair and reasonable manner, however,
considerations include not only the actual loss in acreage in an injury – but also the
loss of resource services provided by the seagrass bed between the time it is injured
and the time it recovers to 100% of preinjury conditions (Fonseca et al., 2000). It is
noteworthy that most effective restorations are in response to mechanical distur-
bance rather than degraded water quality that may only be resolved through more
stringent watershed management.

Beginning with the assumption that seagrass ecosystems produce irreplaceable
goods and services enjoyed by society, how can the value of these attributes be
quantified? This issue emerges in two contexts: (1) how much does it cost to restore
(and subsequently monitor) seagrass ecosystems and (2) what is the value of services
provided by seagrass ecosystems on an annualized basis so that losses can be
compared with gains? The former question can be answered using existing reports.
The latter is addressed by describing the habitat equivalency analysis (HEA).

3.1. Costs of restoration

Seagrass restoration is expensive. Much early experimental research was driven either by
entire ecosystem degradation or by loss from nonpoint source factors (e.g., eutrophica-
tion) and the desire to return the seagrass, along with the services they provided, to
“damaged” ecosystems (i.e., true “rehabilitation”) or the requirement for offsite mitiga-
tion for “small-scale” development. These two activities (i.e., large vs. small-scale) are
quite different and need separate consideration. In terms of the small-scale setting, what
metric should be used to determine the economic viability of seagrass restoration?

Sufficient seagrass restoration projects, along with transplant research, have now
been attempted to allow their appropriate costing (Fonseca, 2006) and comparison
with terrestrial activities. In Europe, recent mitigation activities in the southwest
Netherlands have cost approximately $50K/ha (2007 US dollars), although restora-
tion research in the Wadden Sea over the last two decades has amounted to $4,000K.
In Australia, mechanical seagrass transplantation (including design and development,
construction, testing and associated site selection) can be costed at $1,000K/ha.
Recent exercises using volunteer manual planting are far cheaper at $16–$34K/ha,
depending on plant unit spacing. The same planting using professionals range from
$84 to $168K/ha. In the United States, the most expensive programs have cost
between $1,900 (McNeese et al., 2006) and $3,387K/ha (Lewis et al., 2006)
depending upon the site and project involved. The lower end of the range is between
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$33 and $99K/ha (Bergstrom, 2006). Even these rough comparisons may or may not
include monitoring costs. Underwater restoration is on average far more expensive
than that on land and will likely continue to be so in the future (Short et al., 2006). In
the United States, an agreed upon “all-inclusive” price, including monitoring, was
presented in Treat and Lewis (2006) as between $570 and $972K/ha (Fonseca, 2006).
By comparison, terrestrial restoration, while more advanced in practice, is commonly
conducted at much larger scales. Costs range between $18 and $353K/ha for land
rehabilitation of mining effects and for special purpose restoration (i.e., difficult or
“iconic” sites; R. Hobbs personal communication) to much cheaper, large-scale
bushland restoration ($2–$8K/ha).

So is restoration a viable tool for conserving seagrass in both ecological and
economic terms? It would appear that there is sufficient information to indicate that it
is ecologically defensible in regard to donor meadow recovery, return of function and
self-facilitative properties. From an economic viewpoint, however, it is clearly far more
cost effective (e.g., $1.4K/ha; Stowers et al., 2006) to preserve a seagrass habitat from
damage than to restore an area after its degradation. This is especially true at large scales
because it will simply be too expensive to put back areas greater than, for example,
20ha. Thus, there is little hope in using transplant restoration to offset receding seagrass
beds worldwide where declining water quality is a major cause. At small scales,
however, we possess the ability to successfully generate small seagrass meadows
(at high cost), and these are often directed toward offsetting small-scale damage.

3.2. Valuation of ecosystem services

The valuation of ecosystem services is now a global exercise (Millennium Assessment,
2005). Within the context of a particular ecosystem or restoration program for
replacing ecosystem services, the specifics of a particular habitat need to be acknowl-
edged (Costanza et al., 1997). For seagrasses in the United States, the HEA has been
employed as a way to compensate for habitat lost, but also for the loss of services over
time. In its most basic application, HEA determines the appropriate scale of a com-
pensatory restoration project by adjusting the project scale such that the present value
of the compensatory project is equal to the present value of interim losses due to the
injury. Because these services are occurring at different points in time, they must be
translated into comparable present value terms through the use of a discount rate, a
standard economic procedure that adjusts for the public’s preferences for having
resources available in the present period relative to a specified time in the future. For
argument’s sake, if 1 ha of seagrass were destroyed today and replanted tomorrow and
reached standards of equivalency (e.g., shoot density, biomass and coverage) in 2 years,
the interim loss of ecological services over this 2-year period would be relatively low.
However, if restoration of this site were not undertaken immediately and it required 7
years to reach its preimpact state, the level of compensation due the public for the
interim losses from this same injury would be substantially greater. This highlights the
weakness of fixed compensation ratios, for example, replacing 2ha of restored seagrass
for every 1 ha irreversibly altered by a particular project (dredging, filling, etc.). HEA is
one of the more frequently used methodologies available to natural resource trustees
(Fonseca et al., 2000). The basic approach underlying HEA is to determine the amount
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of compensatory habitat to be restored, enhanced and/or created such that the total
services provided by the compensatory project over its functional lifespan are equal to
the total services lost due to the resource injury. While HEA is conceptually and
computationally straightforward, its proper application requires a detailed understand-
ing of the biological and ecological processes that affect the recovery and productivity
of injured and restored habitats.

Recently, NOAA developed and applied HEA using basic biological data to quantify
interim lost resource services (National Oceanic and Atmospheric Administration,
Damage Assessment and Restoration Program, 1997). While sharing many of the
same principles as other methods by incorporating interim losses into replacement ratio
calculations for wetlands (King et al., 1993; Unsworth and Bishop, 1994), HEA focuses
on the selection of a specific resource-based metric(s) as a proxy for the affected services
(e.g., seagrass short-shoot density) rather than basing its calculations on a broad aggrega-
tion of injured resources. Its use does not reduce the need for appropriate performance
standards to ensure that a project provides the anticipated level of services. Well-defined
and measurable standards are essential for the success of the project regardless of whether
the restoration will be implemented by the parties responsible for the original resource
injury or by the trustees using monetary damages that are recovered.

4. CONCLUSIONS

Having examined and updated seagrass restoration in a worldwide frame-
work, it is useful to reflect on generalities that have arisen independent of geo-
graphic location and which allow us to evaluate the ecological and economic
appropriateness of this activity as a tool for conserving seagrass. The last decade
has seen the development of a suite of innovative techniques (Treat and Lewis,
2006) with broad applicability to a range of environments. It remains inevitable that
population pressures and economic necessity will generate coastal development and
destructive activities in areas currently occupied by seagrass. While minor damage,
such as boat groundings, may be reduced through relatively inexpensive means
such as exclusion enforcement, legislation and education, it is likely that restoration
will still be required as offsite mitigation for port and harbor development. We now
possess the ability to successfully generate small seagrass meadows, at high cost, to
support this mitigation. However returns of areas greater than 20 ha via restoration
efforts are unlikely to be realized in the near future.
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