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Abstract

The overall intent of restoration is often not only to restore the habitat per se, but to restore
the ecosystem services it supplies, and particularly to encourage the return of fauna. Seagrass
meadows act as habitat for some of the most diverse and abundant animal life, and as the
global loss of seagrass continues, managers have sought to restore lost meadows. We tested
how quickly the epifaunal richness, abundances and community composition of experimental
restoration plots recovered to that in an adjacent natural seagrass meadow relative to the
recovery of seagrass per se. Seagrass structure in the restoration plots took three years to
become similar to a nearby natural meadow. The recovery of epifaunal richness and total
abundance, however, occurred within one year. These results suggest that although
recovering habitats may not be structurally similar to undisturbed habitats, they can support
similar richness and abundances of epifauna, and thus have greater economic and social value
than otherwise might have been expected. Nevertheless, whilst epifaunal richness and total
abundance recovered prior to the recovery of seagrass structure, full recovery of seagrass was
required before the composition and relative abundances of the epifaunal community

matched that of the natural seagrass meadow.

Key words: Amphibolis antarctica, Ecosystem function, Motile epifauna, Recovery,

Seagrass restoration.

1. Introduction

Habitat restoration can help to alleviate habitat loss or re-establish ecosystem structure and
function (Elliott et al. 2007; Reynolds et al. 2013). Often, a primary motivation for habitat

restoration is to restore the richness and abundance of fauna associated with the lost habitats
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(e.g. Muotka et al. 2002; Ruiz-Jaén & Aide 2005). However, restoration success varies, due
to the inherent difficulties involved in restoring complex environments (Elliott et al. 2007;
Irving et al. 2010). Further, ecosystems are not stable through time, meaning the “baseline”
that should be used for restoration targets is often uncertain. Therefore, setting goals for
restoration success based solely on compositional or structural attributes that were

characteristic of the system prior to disturbance can be problematic (Hobbs & Harris 2001).

Restoration success is often most reliably assessed by comparing structural and functional
attributes of the restoration site to those of a neighbouring undegraded habitat or reference
site (Hobbs & Harris 2001; Ruiz-Jaén & Aide 2005; Benayas et al. 2009). A general element
of structural restoration is the replenishment of plant species which provide the physical
structure of an ecosystem (McCay et al. 2003). Recovery of structure, however, does not
necessarily lead to the return of ecosystem function (Zedler & Lindig-Cisneros 2000). For
example, arthropod diversity in restored coastal sage scrub was lower than in undisturbed

habitat after 15 years, even though vegetation was structurally similar (Longcore 2003).

In marine systems, seagrass meadows form ecologically and economically important coastal
habitats (Short & Wyllie-Echeverria 1996; Beck et al. 2001; Duarte 2002; Orth et al. 2006).
Due to their coastal location, seagrass meadows are highly susceptible to disturbance from

natural and anthropogenic sources (Short & Wyllie-Echeverria 1996; Ralph et al. 2006), and
approximately 29% of the world’s seagrass habitat has been lost (Waycott et al. 2009). As a
consequence, seagrass restoration has become an element of coastal management, with early
research primarily focused on establishing the most effective techniques of transplantation

(Van Keulen et al. 2003; Bell et al. 2008; Cunha et al. 2012).



The success of seagrass restoration projects has, however, been limited, with only 30 % of
studies reporting success (Fonseca et al. 1998), which is thought to be primarily due to poor
site selection (Fonseca 2011). Restoration success can be defined by a lack of detectable
differences in structure (e.g. shoot density) between recovering treatments and undisturbed
treatments. Studies that do report ‘success’, generally do so based on short-term monitoring
(<lyear), and hence long-term success is often not known (Cunha et al. 2012). Increasing the
length of restoration monitoring may increase the ability to identify successful restortion. For
example, long-term monitoring of seagrass restoration near Tampa Bay, Florida, showed the
recovery of seagrass to be slow during the first 3 years, followed by rapid recovery 4-7 years
after restoration was implemented (Bell et al. 2014). Further, the recovery of ecosystem
function rather than structure, is only infrequently used to assess restoration success (e.g. Bell
et al. 1993; Fonseca et al. 1996; Sheridan et al. 2003). As functional diversity, being the
varying functional characterists of the organims residing in an ecosystem, is thought to have
the greatest influence on ecosystem function (Tilman et al. 1997; Diaz & Cabido 2001), it
may provide a measurable index of the restoration of ecosystem function. However, in
systems where little is known about the functional characteristics of the organisims present,
other measures such as species richness may be used as an indicator (Tilman 2001). For
restoration to be successful, restored seagrass patches should persist and recover similar
ecosystem function, such as the recovery of fauna due to the provision of habitat, to that of a

natural undisturbed seagrass meadow (Fonseca et al. 1998).

Wear et al. (2010) developed a novel seagrass restoration technique, using biodegradable
hessian (burlap) bags to stabilize the sediment and facilitate the natural recruitment of
Amphibolis antarctica seedlings, with the overall intention of re-establishing an extensive

continuous seagrass meadow, which was present in the area prior to substantial seagrass loss
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(> 5,200 ha) (Neverauskas 1987; Nayar et al. 2012). This technique has allowed A.
antarctica seedlings to become established and create new patches (Irving et al. 2013), which
have persisted for > 5 years (Tanner 2014). Amphibolis is a large perennial structure-forming
seagrass that grows in similar environments to Posidonia (Shepherd & Womersley 1981,
Bryars & Rowling 2009). Unlike many other large seagrasses, most of the biomass is above-
ground (Paling & McComb 2000), and it has long, wiry vertical stems that support clusters of
small leaves (rather similar to a bottlebrush in appearance), rather than long strap-like leaves.
It is also unusual in being viviparous, with seedlings released from the parent plant in winter
and drifting until they encounter a suitable attachment point (Cambridge 1975; Ducker et al.
1977). Attachment is via a comb-like rosette at the base of the seedling that entangles in
features such as Posidonia root mat (Kirkman 1999; Rivers et al. 2011), and it is this feature

that allows it to attach readily to hessian bags (Wear et al. 2010).

Here, we explicitly seek to estimate the early signs and extent of motile epifaunal recovery
relative to seagrass recovery of the series of small-scale experimental seagrass restoration
patches described by Tanner (2014). We define motile epifauna as non-sedentary small
invertebrates which are directly associated with aboveground seagrass structure. To estimate
the early signs and extent of recovery, we compare initially small and expanding patches of
restored seagrass to an adjacent continuous natural seagrass meadow. We consider this to be
the gold standard for recovery in this situation, as this meadow is well established (hundreds
if not thousands of years), large, and not subject to fragmentation, and therefore best reflects
the natural situation. Additionally, we tested whether the time scale of epifaunal recovery in
these restoration patches matched the time scale of seagrass recovery. If epifaunal recovery
occurs before seagrass recovery, then demonstrating this may assist managers by showing

early signs of achievement, thus justifying continued investment in restoration.



2. Materials and methods

2.1. Restoration site and sampling design

Structural recovery and epifaunal use were examined in an experimental seagrass restoration
site located just inshore of a large, naturally occurring A. antarctica meadow, in
approximately 8 m water depth, along the Adelaide metropolitan coast, South Australia

(35° 1’ S, 138° 18’ E). The natural A. antarctica meadow consists of a dense continuous
canopy, with the edge of the meadow being an abrupt change from dense seagrass to bare
sand. The current edge of the natural seagrass meadow marks the margin of seaward retreat
of inshore seagrass at this site due to eutrophication (Westphalen et al. 2005). In recent
years, extensive effort has been invested in improving water quality, allowing a small amount
of natural seagrass recovery in deeper waters (Bryars & Neverauskas 2004), and prompted

initial studies on restoration.

Restoration trials at this site began in 2007 by deploying hessian bags to promote the
recruitment of A. antarctica seedlings, which are released from the adjacent natural meadow.
Hessian bags (area 0.35 m? per bag) were deployed approximately bimonthly, from
September 2007 to October 2009 and again from January 2011 to March 2013. On each
deployment, ten replicate bags, which represent a restoration plot, were filled with ~ 25 kg of
clean play pit sand to anchor them and deployed on sandy substrate, shoreward of and
parallel to the natural meadow. Bags were placed end-to-end in a double row by divers

~ 0.5 -1 m apart, making restoration plots rectangular in shape. Each bimonthly deployment
was separated by ~ 2 to 3 m and there was a minimum distance of 10 m between restoration

plots deployed in different years. All bags were deployed within 50 m of the natural



meadow, and extended over a distance of ~ 100 m (Fig. S1). The variation in recruitment of
A. antarctica seedlings with distance from the natural meadow has previously been tested at
this site, and bags located within ~ 80 m of the natural meadow effectively recruit A.
antarctica seedlings (Irving et al. 2013). While not formally measured due to the small size
of the entire site (~ 2 km between the edge of the seagrass and shoreline, Wear et al. 2010)
there were no obvious environmental gradients present. Importantly, there was no
measurable difference in water depth between the offshore and inshore margin of the
restoration site (~ 8 m water depth). In addition, previous measurements showed that
seafloor light intensities at this site averaged 15 — 18 % of surface irradiance (86.83 = 22.71

pmol m? s™%) (Irving et al. 2010).

We used a space-for-time substitution approach (also known as a chronosequence) to
establish the time scale for the recovery of the restoration site. Space-for-time substitution
(SFT) has long been used in ecology, particularly as a standard method for looking at
successional theory, where time-scales are generally sufficiently long that standard replicated
experimental designs are not feasible (Pickett 1989). This technique has allowed us to assess
the time scale and extent of epifaunal recovery by taking a series of samples from restoration
plots of known ages, representing a “single snapshot” of succession, instead of sampling the
one site multiple times. A. antarctica samples with associated epifauna were collected from
three restoration plots of known ages (based on year and month of bag deployment), 1 year
(July 2011 deployment), 3 years (February 2009 deployment) and 5 years (September 2007
deployment). Seagrass within the 1 year old restoration plot was still constrained within the
boundaries of the bags, whereas vegetative expansion of seagrass had occurred within the 3
year old (~ 10 cm from the bags) and 5 year old (coalescence between bags) restoration plots

(J Tanner, per obs). A. antarctica samples were also collected from two plots within the



adjacent natural meadow, the edge (defined as within 0.5 m of the abrupt boundary that
divides seagrass and bare sand) and the interior (~ 20 m into the natural meadow, n =5 per
site). Restoration samples were collected from the centre of five randomly selected bags
from each of the three restoration plots (1 year, 3 years and 5 years), while a 20 cm x 20 cm
quadrat was haphazardly thrown five times and a sample was taken from the centre of the
quadrat for the natural meadow (the quadrat was rethrown if it did not land within 0.5 m of
the edge for edge samples). Samples were collected from the centre of the bag in order to
keep the sampling methods consistent across the restoration plots. All samples were
collected in July 2012, using a 9.0 cm internal diameter (area of 64 cm?) PVC corer attached
to a fine mesh bag (mesh size 0.5 mm). This sampling method targets small invertebrates
which are directly associated with aboveground seagrass and does not sample fish or larger
invertebrates. The corer was carefully placed over the seagrass, flush with the sediment
surface. The seagrass was then cut at the substrate surface using a serrated knife and the
mesh bag was tied closed to prevent the escape of motile epifauna. Samples were then

drained into the mesh bag and preserved in 10% formalin solution until sorted.

2.2. Response variables

All samples were sieved using a 1 mm mesh screen and sorted under magnification in the
laboratory. Motile epifauna were removed, counted and identified to the highest taxonomic
resolution possible, for most taxa family, except for some rare or poorly known taxa which
could only be reliably identified to phylum or class. In addition, the seagrass structure itself
was quantified as aboveground seagrass biomass (g dry weight of stems, branches and leaves
[DW] m™), stem length (cm) and density (no. m™), leaf cluster density (no. m*) and stem and

leaf epiphyte biomass (g dry weight [DW] m™). A. antarctica has wiry stems and branches



that are topped by clusters of 5-10 leaves ~5 cm long (Ducker et al. 1977). Stem length was
measured from the base of the stem to the top of the most distal leaf cluster. All epiphytes
were carefully scraped from the seagrass using a scalpel blade. Epiphytes and epiphyte-free
seagrass were then placed in separate pre-weighed aluminium foil trays and dried to a

constant weight at 60° C for 72 hours.

2.3. Data analysis

To establish whether the physical structure and epifaunal composition of A. antarctica varied
between the restoration plots of known ages and the natural meadow, one-way permutational
multivariate analyses of variances (PERMANOVA), followed by pairwise tests, were used.
Euclidean distance was used for the physical structure analysis, while the Bray-Curtis
similarity measure was used with fourth root transformed data for the epifaunal composition.
When the PERMANOVA was significant (p < 0.05), separate univariate analyses using
Euclidean distance, followed by pairwise tests, were run on each of the individual seagrass
structural variables. Univariate analyses were also used to determine whether epifaunal
richness and abundance varied between the restoration plots and the natural meadow.
Epifauna were then grouped into the three most abundant classes (amphipods, gastropods and
polychaetes) and analyzed similarly. All multivariate and univariate analyses were carried out

in PRIMER (version 6) with the PERMANOVA + add-on (PRIMER-E Ltd, Plymouth).

3. Results

The physical structure of A. antarctica differed between the restoration plots and the natural
meadow (PERMANOVA: F4 2= 4.534, p = 0.005), with pairwise tests showing the structure

of the 1 year old restoration plot being different to the older restoration plots (3 and 5 years



old) and the natural meadow (edge and interior). The older plots did not differ from the
natural meadow. Patch age had a clear effect on above-ground biomass, leaf cluster density,
stem epiphytic biomass and leaf epiphytic biomass (Table 1 a, d, e and f, Fig. 1 a, d, e and f),
with 1 year old plots having significantly lower values than all other restoration plots and the
natural meadow. Stem length was significantly shorter in the restoration plots (1 year, 3
years and 5 years) than the natural meadow (edge and interior) (Table 1 b and Fig. 1 b). Stem
length also differed significantly within the natural meadow; seagrass in the interior of the
meadow was significantly shorter than at the edge of the natural meadow. There was no
difference in stem density between the three restoration plots and the natural meadow (Table

1 candFig.1c).

Epifaunal composition differed significantly between plots (PERMANOVA: F4 2 = 1.70,

p = 0.002), with pairwise tests showing the 1 year old plot to be different to the older
restoration plots (3 and 5 years old) and the natural meadow (edge and interior). Epifaunal
composition in the 3 and 5 year old restoration plots did not differ from the natural meadow.
There was no difference in epifaunal richness between the three restoration plots of known
ages (1, 3 and 5 years old) and the natural meadow (Fig. 2 a, PERMANOVA: F, 2 = 2.509,
p = 0.07). Total epifaunal abundance differed significantly between the restoration plots
(Fig. 2 b, PERMANOVA: F4 2= 3.09, p = 0.034), which was due to a lower abundance in
the 1 year old plot than the 5 year old plot. However, there was no difference in epifaunal
abundance between any of the three restoration plots and the natural meadow (Fig. 2 b).
There was no difference in gastropod and amphipod abundance between the restoration plots
and natural meadow (Fig. 3 a, b, PERMANOVA: F4 2 =1.93, p = 0.139 and F4 2 = 1.30,

p = 0.296, respectively), however, polychaete abundance was lower in the 1 year old plot
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than the 5 year old plot and the interior of the natural meadow (Fig. 3 ¢, PERMANOVA:

F4' 20 = 2.175, p= 0039)

4. Discussion

The overall goal of restoration is often not only to restore the habitat per se, but to restore the
ecosystem services it supplies, and particularly to encourage the return of fauna. Here, we
show that epifaunal richness and abundances were comparable to a natural meadow after one
year, even though the seagrass structure had not fully recovered. However, epifaunal
composition did not recover until the seagrass had fully recovered after 3 to 5 years. These
results show that although recovering habitats may not look structurally similar to
undisturbed habitats, they can in at least some circumstances support a similar richness and
abundance of fauna. However, full recovery of seagrass was required before the taxonomic

composition of the epifauna matched that of the natural seagrass meadow.

The rapid recovery of small invertebrate abundance before the recovery of seagrass structure
in restored plots most likely reflects the greater proportional abundance of early successional
species, which rapidly colonize new habitat patches due to the provision of physical structure.
As restored seagrass patches are often isolated from natural meadows (Sheridan 2004), they
provide structure which can attract actively dispersing fauna, such as amphipods, in what can
be an otherwise un-vegetated environment. Such rapid colonization of fauna due to the
provision of structure has also been observed with the transplantation of other seagrass
species (e.g. Fonseca et al. 1996; Bell et al. 1993). For example, a 1.9 year old restored
seagrass meadow in Galveston Bay, Texas had similar abundance and composition of fishes

and shrimps to an adjacent natural seagrass meadow, and had greater faunal abundances than
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a nearby unvegetated habitat (Fonseca et al. 1990). The time scale for the recovery of fauna
varies, however, and can exceed 5 years (Sheridan et al. 2003; Sheridan 2004). To date,
insufficient data is available to determine whether faunal recovery is linear, or whether it
responds to thresholds in seagrass structure, as suggested by Fonseca et al. (1996), who
reported similar faunal abundance between restored and natural seagrass beds, even though

shoot density of the restored bed was one third that of the natural meadow.

Epifauna inhabiting Amphibolis meadows respond directly to changes in habitat complexity
and can be divided into two groups: leaf- associated, being fauna that respond directly to the
presence of seagrass leaves; and epiphyte-associated, being fauna that respond to epiphytic
biomass (Edgar & Robertson 1992). In this study, the most prevalent taxa (amphipods,
nereidid and nephtyid polychaetes) are known to be associated with the epiphytic algae that
they consume, or to consume faunal species that are associated with epiphytic algae
(Fauchald & Jumars 1979; Duffy & Hay 2000; Caron et al. 2004). Although epiphytes were
present throughout the restoration plots and natural meadow, epiphyte biomass was
significantly lower in the 1 year old restoration plot. As expected based on this low epiphyte
biomass, polychaetes were relatively less abundant in the 1 year old restoration plot.
Unexpectedly, amphipod abundance was similar in the 1 year old restoration plot to that in
the natural meadow, and so this group does not appear to be responding to total epiphyte

biomass.

Patterns of colonization may also reflect the mobility of fauna (Virnstein & Curran 1986;
Russell et al. 2005). Relatively motile fauna such as amphipods can actively select habitat
that provides increased refuge from predators and food resources (Stoner 1980; Bell &

Westoby 1986). Amphipod movement can be further enhanced through passive dispersal via
12



tidal currents (Virnstein & Curran 1986), and they are therefore good dispersers with early
opportunity for colonization of restoration plots, explaining their high relative abundance in

the 1 year old plot.

The proximity of restored seagrass patches to the natural meadow may influence faunal
abundance (Sheridan et al. 2003), with restored patches close to natural meadows having a
greater probability of attracting or entraining dispersing fauna. Importantly, the closer
habitats are to each other, the more likely, motile organisms are to encounter them in their
daily movements (Russell et al. 2005), lowering the likelihood of dispersal related mortality,
such as encountering a predator. Furthermore, in seagrass beds, hydrodynamic conditions
change with distance from the habitat edge, with flow rate decreasing towards the habitat
interior (Fonseca et al. 1982), resulting in the accumulation of fauna along the seagrass edge
(Bologna & Heck 1999; Tanner 2005). It is likely that the small sizes of the restoration plots
sampled here mean that they are made up entirely of patch edge. These influences would
actually bias our study away from finding recovery, as we would expect that at some stage as
plots get smaller and more isolated, the epifaunal composition would change as a result of
those factors alone. Although this study found no natural edge effects, small restoration plots
may more rapidly accumulate fauna, as the increased amount of habitat edge relative to the
plot size may increase the relative encounter rates of fauna dispersing passively (Bostrom et

al. 2006).

In the majority of systems that we study, the life spans of the plants and animals exceed that
of several generations of scientific careers, which means that progress in testing recovery
theory is challenging. Seagrass systems, therefore, open an opportunity to test these ideas

because the structure and function (in terms of recovery of composition and relative
13



abundance of epifauna) of these systems often return relatively quickly after restoration
commences (e.g. Fonseca et al. 1996; Sheridan 2004). Whilst epifauna recovered to similar
levels as the natural patch, further work is required in order to determine the composition and
abundance of fish species using the restoration plots as habitat for shelter or foraging activity.
Nevertheless, this study demonstrates that the recovery of restored patches can be remarkably
quick, with epifaunal richness and abundance taking as little as one year and seagrass
structure and epifaunal composition taking three years to resemble adjacent natural systems.
Further trials are now being undertaken in order to access the potential use of hessian bags for

the restoration of seagrass species that have different life history strategies to Amphibolis.

Restoration of this site began as a trial of new techniques to facilitate the natural recruitment
of A. antarctica seedlings, with the overall intention of re-establishing an extensive
continuous seagrass meadow (see Irving et al. 2010; Wear et al. 2010; Irving et al. 2013;
Tanner 2014). As a result, restoration plots are replicated temporally rather than spatially.
Although this design has enabled us to quantify the recovery of epifaunal inhabitants and
seagrass structure over time, it has resulted in a sampling design that was unavoidably
pseudo-replicated. This is typical of many such space-for-time substitutions, which are often
used to study ecological processes that occur on time scales that are too long to be amenable
to the application of properly replicated experiments (Pickett 1989). However, due to the
small size of the entire restoration site, we consider that the sampling design had no influence
on the interpretation of the results, as there were no obvious environmental gradients present
that could affect the recruitment of seagrass or epifauna. Furthermore, more detailed analysis
of data on stem length and density on all 240 bags deployed during the study (Tanner 2014)

confirms our results for these two variables. The seemingly logical progression in our results

14



from 1 to 3 to 5 year old restoration plots also suggests that these results are robust against

this pseudo-replication.

To conclude, recovering habitats may not be structurally similar to undisturbed habitats, but
they can support similar components of composition (e.g. epifaunal richness and total
epifaunal abundance), suggesting that whilst habitats may not appear fully recovered they can
act as equivalents for some aspects of richness and abundance. If such faunal recovery
occurs before full recovery of the habitat, then the intention of restoring the function of the
lost habitat may assist managers by showing early signs of achievement of pressing goals

towards full habitat recovery per se.

Acknowledgements

We thank I. Moody, A. Dobrovolskis and L. Mantilla for their field and laboratory assistance.
D. Fotheringham, S. Murray-Jones (South Australian Department for Environment, Water
and Natural Resources), T. Flaherty (Adelaide and Mount Lofty Ranges Natural Resources
Management Board), and M. Fernandes (SA Water) provided strong support for this work,
and assisted with obtaining funds from their organizations. Part of this work was conducted
under Australian Research Council (ARC) Linkage Projects to J. S. Quinton (Flinders

University), S. Connell and B. Russell, including a Future Fellowship to S. Connell.

References

Beck, M.W., Heck Jr, K.L., Able, K.W., Childers, D.L., Eggleston, D.B., Gillanders, B.M.,
Halpern, B., Hays, C.G., Hoshino, K. & Minello, T.J. (2001) The Identification,

conservation, and management of estuarine and marine nurseries for fish and
15



invertebrates: A better understanding of the habitats that serve as nurseries for marine
species and the factors that create site-specific variability in nursery quality will
improve conservation and management of these areas. Bioscience 51: 633-641.

Bell, J.D. & Westoby, M. (1986) Abundance of macrofauna in dense seagrass is due to
habitat preference, not predation. Oecologia 68: 205-209.

Bell, S.S., Clements, L.A.J. & Kurdziel, J. (1993) Production in natural and restored
seagrasses: A case study of a macrobenthic polychaete. Ecological Applications 3:
610-621.

Bell, S.S., Middlebrooks, M.L. & Hall, M.O. (2014) The value of long-term assessment of
restoration: support from a seagrass investigation. Restoration Ecology 22: 304-310.

Bell, S.S., Tewfik, A., Hall, M.O. & Fonseca, M.S. (2008) Evaluation of seagrass planting
and monitoring techniques: implications for assessing restoration success and habitat
equivalency. Restoration Ecology 16: 407-416.

Benayas, J.M.R., Newton, A.C., Diaz, A. & Bullock, J.M. (2009) Enhancement of
biodiversity and ecosystem services by ecological restoration: a meta-analysis.
Science 325: 1121-1124.

Bologna, P.A. & Heck Jr, K., L. (1999) Differential predation and growth rates of bay
scallops within a seagrass habitat. Journal of Experimental Marine Biology and
Ecology 239: 299-314.

Bostrom, C., Jackson, E.L. & Simenstad, C.A. (2006) Seagrass landscapes and their effects
on associated fauna: a review. Estuarine, Coastal and Shelf Science 68: 383-403.

Bryars, S. & Neverauskas, V. (2004) Natural recolonisation of seagrasses at a disused sewage

sludge outfall. Aquatic Botany 80: 283-289.

16



Bryars, S. & Rowling, K. (2009) Benthic habitats of eastern Gulf St Vincent: major changes
in benthic cover and composition following European settlement of Adelaide.
Transactions of the Roual Society of South Australia 133: 318-338.

Cambridge, M.L. (1975) Seagrasses of south-western Australia with special reference to the
ecology of Posidonia australis Hook. f. in a polluted environment. Aquatic Botany 1.
149-61.

Caron, A., Desrosiers, G., Olive, P., Retiére, C. & Nozais, C. (2004) Comparison of diet and
feeding activity of two polychaetes, Nephtys caeca (Fabricius) and Nereis virens
(Sars), in an estuarine intertidal environment in Québec, Canada. Journal of
Experimental Marine Biology and Ecology 304: 225-242.

Cunha, A.H., Marba, N.N., van Katwijk, M.M., Pickerell, C., Henriques, M., Bernard, G.,
Ferreira, M., Garcia, S., Garmendia, J.M. & Manent, P. (2012) Changing paradigms
in seagrass restoration. Restoration Ecology 20: 427-430.

Diaz, S. & Cabido, M. (2001). Vive la difference: plant functional diversity matters to
ecosystem processes. Trends in Ecology and Evolution 16: 646-655.

Duarte, C.M. (2002) The future of seagrass meadows. Environmental conservation 29: 192-
206.

Ducker, S.C., Foord, N. & Knox, R. (1977) Biology of Australian seagrasses: the genus
Amphibolis C. Agardh (Cymodoceaceae). Australian Journal of Botany 25: 67-95.

Duffy, J.E. & Hay, M.E. (2000) Strong impacts of grazing amphipods on the organization of
a benthic community. Ecological monographs 70: 237-263.

Edgar, G.J. & Robertson, A.l. (1992) The influence of seagrass structure on the distribution
and abundance of mobile epifauna: pattern and process in a Western Australian

Amphibolis bed. Journal of Experimental Marine Biology and Ecology 160: 13-31.

17



Elliott, M., Burdon, D., Hemingway, K.L. & Apitz, S.E. (2007) Estuarine, coastal and marine
ecosystem restoration: confusing management and science—a revision of concepts.
Estuarine, Coastal and Shelf Science 74: 349-366.

Fauchald, K. & Jumars, P.A. (1979) The diet of worms: a study of polychaete feeding guilds.
Oceanography and Marine Biology: an annual review 17: 193-284.

Fonseca, M., Fisher, J., Zieman, J. & Thayer, G. (1982) Influence of the seagrass, Zostera
marina L., on current flow. Estuarine, Coastal and Shelf Science 15: 351-364.

Fonseca, M., Meyer, D. & Hall, M. (1996) Development of planted seagrass beds in Tampa
Bay, Florida, USA. Il. Faunal components. Marine Ecology Progress Series. 132:
141-156.

Fonseca, M.S. (2011) Addy Revisited: What has changed with seagrass restoration in 64
years? Ecological Restoration 29: 73-81.

Fonseca, M.S., Kenworthy, W.J., Colby, D.R., Rittmaster, K.A. & Thayer, G.W. (1990)
Comparison of fauna among natural and transplanted eelgrass Zostera marina
meadows - criteria for mitigation Marine Ecology Progress Series 65: 251-264.

Fonseca, M. S., Kenworthy, W. J. & Thayer, G. W. 1998. Guidelines for the conservation
and restoration of seagrasses in the United States and adjacent waters, US
Department of Commerce, National Oceanic and Atmospheric Administration
(NOAA) Coastal Ocean Office. NOAA Coastal Ocean Program Decision Analaysis
Series no.12.

Hobbs, R.J. & Harris, J.A. (2001) Restoration ecology: repairing the earth's ecosystems in the
new millennium. Restoration Ecology 9: 239-246.

Irving, A.D., Tanner, J.E. & Collings, G.J. (2013) Rehabilitating seagrass by facilitating

recruitment: improving chances for success. Restoration Ecology 22: 1-8.

18



Irving, A.D., Tanner, J.E., Seddon, S., Miller, D., Collings, G.J., Wear, R.J., Hoare, S.L. &
Theil, M.J. (2010) Testing alternate ecological approaches to seagrass rehabilitation:
links to life-history traits. Journal of Applied Ecology 47: 1119-1127.

Kirkman, H. (1999) Pilot experiments on planting seedlings and small seagrass propagules in
Western Australia. Marine Pollution Bulletin 37: 460-467.

Longcore, T. (2003) Terrestrial arthropods as indicators of ecological restoration success in
coastal sage scrub (California, USA). Restoration Ecology 11: 397-409.

McCay, F., Peterson, C.H., DeAlteris, J.T. & Catena, J. (2003) Restoration that targets
function as opposed to structure: replacing lost bivalve production and filtration.
Marine Ecology Progress Series 264: 197-212.

Muotka, T., Paavola, R., Haapala, A., Novikmec, M. & Laasonen, P. (2002) Long-term
recovery of stream habitat structure and benthic invertebrate communities from in-
stream restoration. Biological Conservation 105: 243-253.

Nayar, S., Collings, G., Pfennig, P. & Royal, M. (2012) Managing nitrogen inputs into
seagrass meadows near a coastal city: Flow-on from research to environmental
improvement plans. Marine Pollution Bulletin 64: 932-940.

Neverauskas, V. (1987) Monitoring seagrass beds around a sewage sludge outfall in South
Australia. Marine Pollution Bulletin 18: 158-164.

Orth, R.J., Carruthers, T.J., Dennison, W.C., Duarte, C.M., Fourqurean, J.W., Heck Jr, K.L.,
Hughes, A.R., Kendrick, G.A., Kenworthy, W.J. & Olyarnik, S. (2006) A global crisis
for seagrass ecosystems. Bioscience 56: 987-996.

Paling, E. I. & McComb, A. J. (2000) Autumn biomass, below-ground productivity, rhizome
growth at bed edge and nitrogen content in seagrasses from Western Australia.

Aquatic Botany 67: 207-2109.

19



Pickett, S. T. 1989. Space-for-time substitution as an alternative to long-term studies. In:
Long-term studies in ecology: approaches and alternatives, ed. G.E. Likens, pp 110-
135. NY, USA: Springer.

Ralph, P. J., Tomasko, D., Moore, K., Seddon, S. & Macinnis-Ng, C. M. 2006. Human
impacts on seagrasses: eutrophication, sedimentation, and contamination. In:
Seagrasses: Biology, ecology and conservation, ed. A.W.D. Larkum, R.J. Orth, C.M.
Duarte, pp 567-593 Dordrecht (The Netherlands): Springer.

Reynolds, L.K., Waycott, M. & McGlathery, K.J. (2013) Restoration recovers population
structure and landscape genetic connectivity in a dispersal-limited ecosystem. Journal
of Ecology 101: 1288-1297.

Rivers, D.O., Kendrick, G.A. & Walker, D.I. (2001) Microsites play an important role for
seedling survival in the seagrass Amphibolis antarctica. Journal of Experimental
Marine Biology and Ecology 401: 29-35.

Ruiz-Jaén, M.C. & Aide, T.M. (2005) Vegetation structure, species diversity, and ecosystem
processes as measures of restoration success. Forest Ecology and Management 218:
159-173.

Russell, B.D., Gillanders, B. & Connell, S.D. (2005) Proximity and size of neighbouring
habitat affects invertebrate diversity. Marine Ecology Progress Series 296: 31-38.

Sheridan, P. (2004) Comparison of restored and natural seagrass beds near Corpus Christi,
Texas. Estuaries 27: 781-792.

Shepherd, S.A. & Womersley, H.B.S. (1981) The algal and seagrass ecology of Waterloo
Bay, South Australia. Aquatic Botany 11: 305-371.

Sheridan, P., Henderson, C. & McMahan, G. (2003) Fauna of natural seagrass and
transplanted Halodule wrightii (shoalgrass) beds in Galveston Bay, Texas.

Restoration Ecology 11: 139-154.
20



Short, F.T. & Wyllie-Echeverria, S. (1996) Natural and human-induced disturbance of
seagrasses. Environmental conservation 23: 17-27.

Stoner, A. (1980) Perception and choice of substratum by epifaunal amphipods associated
with seagrasses. Marine Ecology Progress Series 3: 105-111.

Tanner, J.E. (2005) Edge effects on fauna in fragmented seagrass meadows. Austral Ecology
30: 210-218.

Tanner, J.E. (2014) Restoration of the Seagrass Amphibolis antarctica—Temporal Variability
and Long-Term Success. Estuaries and Coasts 38: 668-678.

Tilman, D. (2001). Functional diversity. In: Encyclopedia of biodiversity, ed. S.A. Levin, pp
109-120. San Diego, CA: Academic Press.

Tilman, D., Knops, J., Wedin, D., Reich, P., Ritchie, M. & Siemann, E. (1997). The influence
of functional diversity and composition on ecosystem processes. Science 277: 1300-
1302.

Van Keulen, M., Paling, E.I. & Walker, C. (2003) Effect of planting unit size and sediment
stabilization on seagrass transplants in Western Australia. Restoration Ecology 11:
50-55.

Virnstein, R.W. & Curran, M.C. (1986) Colonization of artificial seagrass versus time and
distance from source. Marine Ecology Progress Series 29: 279-288.

Waycott, M., Duarte, C.M., Carruthers, T.J., Orth, R.J., Dennison, W.C., Olyarnik, S.,
Calladine, A., Fourgurean, J.W., Heck, K.L. & Hughes, A.R. (2009) Accelerating loss
of seagrasses across the globe threatens coastal ecosystems. Proceedings of the
National Academy of Sciences 106: 12377-12381.

Wear, R.J., Tanner, J.E. & Hoare, S.L. (2010) Facilitating recruitment of Amphibolis as a
novel approach to seagrass rehabilitation in hydrodynamically active waters. Marine

and Freshwater Research 61: 1123-1133.
21



Westphalen, G., Collings, G., Wear, R., Fernandes, M., Bryars, S. & Cheshire, A. (2005). A
review of seagrass loss on the Adelaide metropolitan coastline, South Australian
Research and Development Institute (Aquatic Sciences) Publication No. RD04/0073,
Adelaide.

Zedler, J. B. & Lindig-Cisneros, R. 2000. Functional equivalency of restored and natural salt
marshes. In: Concepts and Controversies in Tidal marsh ecology, ed. M.P. Weinstein,
D.A. Kregger, pp 565-582. Dordrecht (The Netherlands): Springer Academic

Publishers.

22



Table 1. The structural characteristics of A. antarctica (aboveground biomass, stem length,

stem density, leaf clusters, stem epiphytic biomass and leaf epiphytic biomass) as a function

of site, as determined by one-factor PERMANOVAsS.

Source df MS F P

(a) Aboveground biomass
Site 4 394600 3.732 0.026
Residual 20 105720

(b) Stem length
Site 4 878.180 37.224 0.001
Residual 20 23.592

(c) Stem density
Site 4 374510 1.013 0.437
Residual 20 369630

(d) Leaf clusters
Site 4 59688000 4.984 0.006
Residual 20 11976000

(e) Stem epiphytic biomass
Site 4 31558 2.711 0.041
Residual 20 11641

(f) Leaf epiphytic biomass
Site 4 9506.8 3.781 0.021
Residual 20 2514.6
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Fig. 1. Structural characteristics of Amphibolis antarctica at the three restoration plots of
known ages: 1 year, 3 years, 5 years and the two natural meadow plots: edge and interior,
including (a) aboveground biomass (g DW m™), (b) stem length (cm), (c) stem density (no.
m), (d) leaf cluster density (no. m?), (e) stem epiphytic biomass (g DW m™) and (f) leaf
epiphytic biomass (g DW m ). Values are mean + S.E. (n = 5). Within each panel, plots with

the same letter are not significantly different according to pairwise tests.
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Fig. 2. Epifaunal richness (a) and epifaunal abundance (b) at the three restoration plots of
known ages: 1 year, 3 years, 5 years and the two natural meadow plots: edge and interior.
Values are mean + S.E. (n = 5). Within each panel, plots with the same letter are not

significantly different according to pairwise tests.
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Fig. 3. Gastropod abundance (a), amphipod abundance (b) and polychaete abundance (c) at
the three restoration plots of known ages: 1 year, 3 years, 5 years and the two natural meadow
plots: edge and interior. VValues are mean £+ S.E. (n = 5). Within each panel, plots with the

same letter are not significantly different according to pairwise tests.
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Graphical abstract. Scatter plot of Bray-Curtis similarity measures of seagrass structure (x-

axis) and epifaunal composition (y-axis) showing the convergence between all replicate

samples within the three restoration plots (1, 3 and 5 years) and natural meadow (edge), to the

interior of the natural meadow. Similarity coefficient = 100 if two samples are completely

similar, O if two samples are completely dissimilar.
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Fig. S1. Map showing the natural meadow (line), the restoration site (boxes), the date of
deployment of each plot and the location of the three restoration plots sampled (yellow
boxes). The distance between the natural seagrass meadow and the furthest deployment is
<50 m and the length of the site is ~ 100 m. Please note: the positions of the restoration plots

have not been precisely mapped.
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