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Abstract. Zostera muelleri, the dominant seagrass species along the eastern coastline of Australia, has declined due to
anthropogenic stressors, including reduced water clarity. Water quality has improved in recent years, but restoration
efforts are hampered by limited knowledge of transplantation methods. To support future restoration efforts, we tested
multiple techniques for transplanting mature seagrass shoots: (1) sediment cores with intact seagrass plants (plug); (2)

individual shoots anchored on frames (frame); (3) frame methods combined with subsurface mats to exclude bioturbating
animals (mat þ frame); (4) above-ground cages to exclude grazing fish (cage þ frame); and (5) combined treatment of
above-ground cages and subsurface mats (cageþmatþ frame). Transplant success over 10 months showed considerable

variability among locations. At one site, seagrass persisted in all treatments, with highest growth in the mat þ frame
treatment. At two locations, uncaged shootswere lostwithin 6–35 days of transplanting, presumably due to grazing by fish.
In treatments with cages, growth was again highest in the matþ frame treatment. At the fourth location, all seagrass was

lost due to physical stress. Thus, we conclude that transplantation success is highest using the matþ frame technique, but
overall success depends on careful assessment of biotic and abiotic stressors at the chosen locations.
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Introduction

Seagrasses form very productive coastal ecosystems with high
biodiversity that drives important biogeochemical and ecological
functions (van Katwijk et al. 2016; Nordlund et al. 2018). They

provide essential ecosystem services, such as carbon sequestration
(Duarte et al. 2010; McLeod et al. 2011), nutrient uptake (Flindt
et al. 1999; Lillebø et al. 2004) and biodiversity conservation
(Sievers et al. 2019; Unsworth et al. 2019). However, seagrass

coverage has declined worldwide (e.g. Waycott et al. 2009).
Ongoing declines have been linked directly to human-induced
stressors that reduce the extent of habitats suitable for seagrass

growth, often through changes in water and sediment quality,
reduced light penetration and direct removal (e.g. dredging)
among others (Short et al. 2007; Moksnes et al. 2008; Kendrick

et al. 2017). Loss of key ecosystem engineers, like seagrass, alters
the physical structure and functionality of coastal environments
(Flindt et al. 2016), leading to unvegetated areas dominated by
large bioturbators, such as lugworms (Arenicola marina) or

callianassid shrimp (Trypaea australiensis; Valdemarsen et al.

2011; Eklöf et al. 2015).
Natural recovery of seagrass habitats is generally low due to

the vulnerability of seeds and seedlings to physical disturbances

and biological stressors (Flindt et al. 2016; Kuusemäe et al.

2016; Smith et al. 2016). For Zostera spp., high seedling
mortality is often caused by physical stress from sediment
resuspension and drifting algae (Rasheed 2004; Orth et al.

2006; Valdemarsen et al. 2010). Direct consumption by large
herbivores, such as sea turtles, dugong and fish in the tropics
(Aragones and Marsh 1999; Valentine et al. 2006; Goldenberg
and Erzini 2014) and swans in temperate regions (Dos Santos

et al. 2013), can also reduce natural recovery.
Seagrass restoration has been attempted worldwide to miti-

gate the widespread loss of seagrass habitats. Successful

restoration depends on several factors, such as appropriate
choice of transplantation site, size of transplantation area and
transplantation methods (van Katwijk et al. 2016). Accord-

ingly, transplantation techniques and locations should be tested
under local conditions before large-scale transplantation
efforts are undertaken (van Katwijk et al. 2016). Both shoots
and seeds have been used in previous restoration efforts, with

variable success (van Katwijk et al. 2016). For example,
Zostera muelleri shoots were successfully transplanted in
New Zealand (Matheson et al. 2017), but similar techniques

failed in Australia (McLennan and Sumpton 2005). Similarly,
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Zostera marina seeds were used to successfully restore sea-
grass meadows in Chesapeake Bay, USA (Orth et al. 2012),

whereas seed restoration in north-west Sweden remained
unsuccessful (Eriander et al. 2016).

The seagrass Z. muelleri is the dominant species in estuaries

and bays along the east coast of Australia (Short et al. 2010), but
it has declinedmarkedly in urbanised locations in recent decades
due to dredging, coastal development and urban and agricultural

run-off (Walker and McComb 1992; Waycott et al. 2009; Dunn
et al. 2014; Maxwell et al. 2017). Several protection and
mitigation measures have been implemented in Australia to
combat declines in important habitats, including seagrasses

(Natura Pacific 2012; Seagrass-Watch 2015). Of particular note
are requirements for developers to offset losses (Australian
Wetlands 2009), generally through restoration or transplant

activities. Understanding techniques that optimise the success
of these offset activities will benefit the long-term conservation
of these important habitats.

The Gold Coast is a city in Queensland, Australia, situated
around extensive tidal waterways and estuaries with freshwater
input from several rivers (Dunn et al. 2014). The city has
undergone rapid expansion in both population and urbanised

area in recent decades. As a consequence, many marine ecosys-
tems are threatened by urban developments. For example,
,10 000 m2 of seagrass was removed from the city’s primary

embayment, the Broadwater in southern Moreton Bay, for a
single urban project (VDM Consulting 2012). As a result, the
existing Z. muelleri meadows have become increasingly frag-

mented (Waycott et al. 2009), suggesting an urgent need for
restoration actions.

Restoration of Z. muelleri has generally had low success in

Australian waters, suggesting that this species is either unsuit-
able for restoration or that more appropriate restoration methods
are needed (York and Smith 2013). However, Matheson et al.

(2017) tested various techniques for Z. muelleri restoration in

New Zealand and reported an increase of up to 63% in seagrass
coverage when using plugs and sods. Therefore, restoration of
this species is possible under suitable environmental conditions

when using appropriate techniques.
The aim of this study was to test methods for Z. muelleri

restoration and to identify potential stressors in the subtropical

waters of Queensland. Various transplantation techniques were
used in two shallow estuaries. The effects of specific stressors
were evaluated using exclusion treatments. The transplanted
areas were subsequently monitored closely, and the fate of

transplanted shoots was related to the prevailing physical,
chemical and biological conditions.

Materials and methods

Transplantation locations

Seagrass (Z. muelleri) transplantation was performed at four
locations in theGoldCoast Broadwater and TallebudgeraCreek,
,15 km south of the Broadwater (Fig. 1). There were two

transplantation locations in the Broadwater (Broadwater
exposed, BE; and Broadwater sheltered, BS) and two in
Tallebudgera Creek (Tallebudgera upper, TU; and Tallebudgera
lower, TL). All locations were subtidal and close to highly

urbanised areas.

The Broadwater is an estuary extending northward from
Southport to Moreton Bay. It is separated from the ocean by

barrier islands and has two openings to the South Pacific Ocean.
All locations in the Broadwater are mesotidal with maximum
tidal amplitudes of 2 m and a mean salinity of,33 (Dunn et al.

2014). The Broadwater is influenced by freshwater input from
four major rivers (Mirfenderesk and Tomlinson 2008). High
boating activity is a potential disturbance within the Broadwater

through increased wave energy, shading and anchoring.
Tallebudgera Creek originates in the Springbrook National

Park and has a length of 25 km, including several man-made
canals, and flows directly into the Coral Sea of the South Pacific

Ocean at Burleigh Heads. The Tallebudgera Creek locations in
this study have a tidal range of,1.8 m (Abdullah and Lee 2016)
and experience variable salinity from 29 to 36 at TU (Morton

1992; dictated by tidal state and recent rainfall).

Shoot transplantation

Transplant experiments began in February 2016 and were
monitored by counting the total number of shoots at each
treatment daily to weekly for the first 6 weeks and then monthly

thereafter until December 2016. Shoots for transplantation were
collected from donor meadows less than 30 m from transplan-
tation sites and at the same depth as the transplant site. The
following combinations of transplant techniques (treatments)

were used (Fig. 2).

1. Plug (n ¼ 5 at each site, except TU): intact seagrass shoots
with undisturbed rhizosphere, rhizomes and roots were taken
from the donor meadow in 15-cm diameter cores and a depth
of,15 cm. The shoots were deployed by extruding the plug

before burial into the sediment at the transplantation site
while ensuring that the rhizomes and base of the shoots were
level with the surrounding sediment surface. The plug

approach has been successfully used in several studies (e.g.
Fonseca et al. 1998).

2. Frame (n ¼ 5 at each site): iron frames (32 � 32 cm; mesh

size 16 � 16 cm) were used to anchor 16 individual shoots
mounted with cable ties (equalling ,0.1024 m2 and a
density of 156 shoots m�2). Only mature and intact shoots
without side branches and with a rhizome length of at least

4 cm were transplanted. The cable tie was fixed to the
rhizome behind the first internode. The frames were care-
fully deployed in the upper sediment layer with all shoots

pointing upwards.
3. Matþ frame (n¼ 5at each site): thematþ frame approachwas

used to avoid effects from bioturbation by placing frames on

top of buried mats. A protective 60 � 60-cm mat made from
1-mm double-layer hessian with a mesh size of 2 mm was
buried 5 cm into the sediment before placing a frame with

shoots mounted as described above for the frame treatment.
4. Cageþ frame (n¼ 5, only at TU): the cageþ frame approach

was used to prevent grazing by fish and other large herbi-
vores. Frames prepared as described above for the frame

treatment were protected by a fully enclosed net cage (38 cm
wide� 60 cm long� 29 cmhigh)with a 2-cmmesh and open
towards the bottom. The large mesh size allowed sufficient

light penetration for seagrass growth and did not alter
currents.
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5. Cage þ mat þ frame (n ¼ 4, only at TU): the cage þ
mat þ frame approach combined the treatment preparation
and exclusion methods of mat þ frame and cage þ frame to
exclude both bioturbation and grazing.

It should be emphasised that no plug treatment was used at
TU and that this was the only location with cage treatments. All

shoots used in the plug treatments and those mounted on frames
were handpicked directly from the donor seagrass meadows and
transplanted within 4 h. Transplantations were always per-
formed in three transects parallel to the nearest shore line, with

2 m between the individual treatments, which were placed in
randomised order.

Sediment characteristics

Sediments at each transplantation site were assessed to infer site
suitability and local hydrodynamic regimes. Sediments domi-
nated by coarser grain sizes, and with low organic content, for

example, may indicate high levels of exposure to hydrodynamic
forcing (Fonseca et al. 1983). Surface sediments were sampled
with cores (inner diameter 5 cm) at each donor and transplant

site (n ¼ 4) and the upper 1 cm of sediment was analysed.
Sediment water content was determined gravimetrically as

weight loss after drying at 1058C for 24 h. Organic carbon

content was analysed on dried sediment subsamples using an
elemental analyser (Flash EA 2000 Series; Thermo Analytical;
ThermoFisher Scientific, Bremen, Germany) after acidification
with HCl fumes to remove inorganic carbon. Grain size distri-

bution was analysed on a Malvern Master sizer 3000 (Malvern
Instruments Ltd, Malvern, UK).

Characteristics of Z. muelleri donor plants

Fresh Z. muelleri shoots were randomly harvested from the

donor meadows (n ¼ 10). The sampled plants were separated
into above- (A) and below-ground (B) biomass and the A : B
ratio was calculated based on the dry weight (1058C, 24 h). The
presence of epiphyte coverage was identified visually.

Yabby exclusion with mats

Densities of the dominant bioturbating species, namely the

Australian ghost shrimp, or ‘yabby’, T. australiensis, were
assessed at each transplantation site by counting burrow open-
ings within six randomly placed frames (diameter 41 cm, area

0.13 m2) nearby transplant plots. The abundance of yabbies was
estimated by dividing the total number of burrow openings by

1 km

N

Fig. 1. Site of the four experimental transplantation sites in south-east Queensland, Australia.

BE, Broadwater exposed (27.935578S, 153.407768E); BS, Broadwater sheltered (27.947488S,

153.422368E; TU, Tallebudgera upper (28.109848S, 153.448888E); TL, Tallebudgera lower

(28.101978S, 153.451508E).
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2.1 (Butler and Bird 2007). The efficacy of buried hessian mats
to exclude yabbies was tested by placing mats (n ¼ 5) in an
unvegetated area at TUwith a high density of yabbies. The mats

were similar to those in the transplanted area and were buried to
the same depth. The abundance of burrow openings above the
mats was monitored over a 6-week period.

Effects of mobile fauna

Test transplantations conducted at TU before the main trans-
plantation experiment revealed that the leaves on all shoots were

rapidly grazed to a height of only 2–4 cm within the first 24 h.
For further clarification, cameras were installed at all trans-
plantation locations for short-interval time-lapse photography

(twice over a period of 6 h at 5-s intervals). The fish species
Girella tricuspidata (luderick) was captured by camera and
identified as a potential grazer (Fig. 3). Stomach contents of

luderick specimens (n¼ 3) caught over adjacentmeadows at TU
were used to confirm this grazing behaviour (Fig. 3). Thus, the
experimental design was altered at TU to exclude luderick using
cages over transplant plots.

(a) (b)

Fig. 3. (a) Luderick (Girella tricuspidata) grazing on transplanted Zosteramuelleri. (b) Stomach contents of a luderick

from Tallebudgera upper. Photographs taken by Troels Lange and Erik Kristensen.

(a) (b)

(c) (d )

Fig. 2. The different transplantation methods used in this study: (a) frame; (b) plugs; (c) mat; and (d) cage.

Photographs taken by Troels Lange and Nele Svenja Wendländer.
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Statistical analysis

Data from the 10-month monitoring were analysed as a function
of time by a general repeated-measures linear model, with
change in shoot numbers for all treatments of transplanted

shoots and yabby density as dependent variables (two-way
analysis of variance (ANOVA) and Tukey post hoc test). The
success of the various treatments was compared for the full

monitoring period. Short-term (,2 months; change in shoot
numbers for all treatments of transplanted shoots and yabby
density) or data from one time point (e.g. sediment

characteristics) were analysed by one-way ANOVA. The level
of significance was set at P , 0.05.

Results

Transplantation outcome

The fate of transplanted Z. muelleri shoots varied considerably

among locations and treatments. All transplanted shoots at BE
and TL were lost within 20 and 35 days respectively, regardless
of transplant technique (Fig. 4). At TU, uncaged treatments

disappeared within 7 days, whereas caged treatments survived
considerably longer. However, only treatments that were further
protected by subsurface mats remained stable, showing a mar-

ginal but non-significant increase in the number of shoots over

time (P . 0.05). Nevertheless, this treatment had significantly
higher shoot density at the end of the experiment than treatments
without mat protection (P , 0.05).

Transplants at BS, particularly those using frames (with or
without a protective mat), were the most successful. For exam-
ple, transplants using the frame þ mat treatment increased in

shoot number by a mean (�s.e.) of 678� 94% over the 300-day
monitoring period. No significant differences were found
between frame treatments with or without mats, but both
treatments had significantly higher number of shoots than the

plug treatment (P , 0.05) at the end of the monitoring period.
However, shoot abundance in the plug treatments was still a
mean (�s.e.) of 46 � 23% higher at the end of the monitoring

period than initially transplanted.

Sediment characteristics

The sediment conditions differed considerably among the four
selected locations and between donor and transplantation sites
(Table 1). All donor sites except for BS had significantly higher

(P , 0.05) water, organic carbon and silt þ clay content (and
thus smaller median grain size) than the transplant sites
(Table 1). The Tallebudgera donor locations (TU and TL) were

significantly richer (P, 0.05) in organic content and siltþ clay
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Fig. 4. Changes in shoot numbers relative to an initial value of 1 for the different transplantation methods used at the four transplant locations:

(a) Broadwater sheltered; (b) Broadwater exposed; (c) Tallebudgera upper; and (d) Tallebudgera lower. Data are the mean � s.e.
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content than those in the Broadwater (BS and BE), whereas no
such location-specific pattern was evident for median grain size.
However, there was no significant difference in median grain

size among transplant locations, but organic and silt þ clay
content was significantly higher at TU than BE, with TL and BS
having intermediate levels. It should be noted that the BE
transplant sediment was remarkably low in organic content and

contained no silt þ clay.

Characteristics of donor seagrass

The A : B ratios of Z. muelleri from the donor locations were

highest at TU and lowest at BS, but only differed significantly
between TU and BS, and between TL and BS (Table 1). No
epiphytes were present on Z. muelleri leaves at TL and BS,

whereas leaves at TU and BE were densely covered with
epiphytes. It is noteworthy that Z. muellerimorphology varied
among locations: mature Z. muelleri shoots at BS were quite

short and delicate with a morphology similar to seedlings from
the other locations.

Abundance of yabbies

Yabbies (T. australiensis) were mainly present in non-vegetated
sediment at transplant sites. The abundance of yabbies varied
considerably among locations, with significant 10- to 100-fold

higher counts at TU than at BS, TL and BE (Table 1). The yabby
populations remained similar over the 300-day monitoring
period at TU andBS (Fig. 5). No signs of yabby burrowopenings
were evident on the sediment surface of areas where hessian

mats were buried, indicating that these mats were an effective
yabby exclusion method.

Mobile fauna

Time-lapse photographs from the transplanted Z. muelleri in
the Tallebudgera estuary frequently captured luderick
(G. tricuspidata) grazing on leaves of the transplanted shoots at

both TU and TL (Fig. 3). Luderick were also observed at BE,
but never actively grazing on Z. muelleri leaves. No luderick
were spotted at BS. The stomach content of all the three

luderick examined from TU contained large amounts of iden-
tifiable remains of Z. muelleri leaves (Fig. 3).

Discussion

The significant variations in the growth and survival of
Z. muelleri transplants among the Gold Coast locations

examined indicate differences in site-specific stressors. The
transplantation methods and protective approaches used also
had vastly different effects on Z. muelleri survival both within
and among locations. Therefore, the results indicate that the

approach used for successful transplantation is highly site
specific, and that a closer examination of local physical and
biological conditions with appropriate tests is required at each

site before initiating large-scale transplantation efforts, as
described in other studies (Connolly et al. 2016; van Katwijk
et al. 2016). Use of a hydrodynamic-based ecological modelling

approach, where the different stressors are included, will
support selection of optimal restoration sites (Kuusemäe et al.
2016, 2018).

Both anchoring shoots to objects (e.g. iron frames, stones,

shells) and transplanting sediment plugs with shoots and
rhizomes intact are commonly used techniques for seagrass

Table 1. Characteristics of seagrass and sediment (sediment water content, organic content and grain size) at donor and bare bottom

(transplantation sites)

The above- to below-ground biomass (A : B) ratios of Zostera muelleri at donor locations and yabby abundance at transplant locations are also shown. Data are

the mean� s.d. (n¼ 4 for sediment cores; for yabby abundance, n¼ 13 at Tallebudgera upper, TU; n¼ 12 at Broadwater sheltered, BS; n¼ 5 at Tallebudgera

lower, TL; and n ¼ 3 at Broadwater exposed, BE)

Site Water

content (%)

Organic

carbon (%)

Siltþ clay

content (%)

Median grain

size (mm)

A :B ratio Yabby abundance

(individuals m�2)

TU Donor 49� 2 1.64� 0.31 28.1� 6.0 0.16� 0.02 1.4� 0.4

Transplant 25� 2 0.56� 0.43 7.4� 2.7 0.26� 0.01 96.4� 6.9

TL Donor 34� 12 0.85� 0.72 14.1� 8.2 0.24� 0.02 1.2� 0.3

Transplant 22� 1 0.11� 0.03 3.5� 0.3 0.27� 0.00 3.8� 1.3

BS Donor 22� 1 0.16� 0.05 4.6� 1.2 0.28� 0.01 0.7� 0.3

Transplant 22� 1 0.12� 0.02 3.5� 0.5 0.28� 0.01 7.4� 2.2

BE Donor 26� 1 0.22� 0.18 2.5� 0.4 0.18� 0.00 1.0� 0.4

Transplant 19� 1 0.04� 0.01 0.00� 0.01 0.25� 0.01 1.0� 1.0
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Fig. 5. Density of callianassid shrimp (yabbies) over the course of the

experiments at the two locationswhere seagrass persisted, namelyBroadwater

sheltered (BS) and Tallebudgera upper (TU). Data are themean� s.e. (n¼ 6).

Seagrass restoration in Australian subtropical waters Marine and Freshwater Research 1001



restoration. In the present study the use of iron frames was more
successful than the use of plugs. It is unclear why the plug

treatment can be used successfully for Z. muelleri transplanta-
tions in New Zealand (Matheson et al. 2017) whereas this
method is less effective in Australian locations. Eriander et al.

(2016) had similar experience when comparing transplantation
of individual Z. marina shoots with and without plugs, finding
that the plug method was ineffective with a 2-month lag phase

and an overall 3.5-fold lower increase in shoot numbers over
14 months compared with individual unanchored transplants. It
is possible that the shoots within plugs are unable to expand their
roots and rhizomes from the original sediment into the new

substratum at the transplantation site. Further research is
required to elucidate the physical, chemical or biological causes
for this phenomenon.

Successful seagrass restoration is clearly dependent on the
choice of transplantation technique, but it also requires a
suitable transplantation site without excessive stressor impact

(van Katwijk et al. 2016). Even sites next to existing seagrass
meadows may be unsuitable for restoration. The dense vegeta-
tion creates self-protection against physical and biological
stressors and supports continuous growth within the boundaries

of existingmeadows (Suchanek 1983; Berkenbusch et al. 2007),
but with slowmeadow expansion (N. S.Wendländer, pers. obs.).
However, restored areas with open vegetation cover of trans-

planted shoots are vulnerable due to lack of self-protection (van
der Heide et al. 2007; Maxwell et al. 2017).

The Gold Coast locations studied here have different expo-

sures to physical stress, particularly in the form of current
velocity and wave energy. The sediment analysis suggests
differences that support these observations. The highest physical

exposure occurs at location BE, which is supported by our
analyses that show lower small particle content (silt þ clay) at
sites with strongest hydrodynamics (Table 1). The high physical
stress at BE may have been the main cause for the rapid loss of

transplanted shoots due to sediment erosion and uprooting
(Fig. 4). Conversely, BS was apparently sufficiently protected
with low current velocities (Mirfenderesk and Tomlinson 2008)

and wave energy to allow the survival and growth of trans-
planted shoots, leading to rapidly emerging transplantation
patches. This high success indicates that areas with low physical

energy, as at this location (BS), may be best suited for future
restoration efforts.

It is feasible that seagrasses in Tallebudgera Creek are
generally exposed to poorer growth conditions than those in

the Broadwater, particularly the BS location. At these sites, the
light-demanding transplanted seagrass shoots may be hampered
by lack of light due to high water turbidity from frequent

resuspension events (Eriander et al. 2016; Flindt et al. 2016).
Although no light measurements or water turbidity data are
available, we observed higher A : B ratios in donor locations at

TU than BS. This may indicate lower light availability at
Tallebudgera than the Broadwater because seagrasses that grow
under low light conditions invest more energy into longer leaves

(Abal et al. 1994). At TU, for example, sediment is washed into
the estuary after heavy rain events, leading to high turbidity and
visibility of only a few centimetres for several days (N. S.
Wendländer, pers. obs.). No such events were observed at BE

and BS, suggesting a better light climate at these locations. The

high A : B ratio at Tallebudgera may also be due to low
investment in root biomass at these locations with relatively

low hydrodynamic stress and sufficient nutrients when com-
pared to BE (York et al. 2013; Maxwell et al. 2017). Further-
more, the denser cover of epiphytes on seagrass leaves at TU

than BS may contribute to light limitation at the former site
(Nelson 2017).

Biological stressors can also play a role in transplant success

(van Katwijk et al. 2016). Bioturbating fauna (e.g. yabbies) are
defined as ecosystem engineers (i.e. van Wesenbeeck et al.

2007), by mobilising sediment and altering the living conditions
for associated organisms. Some upward conveyor species, such

as lugworm and yabbies (T. australiensis), intensely rework
subsurface particles to the sediment surface (Cadée 1976;
Kristensen et al. 2012). Although the dense rhizome network

in a mature seagrass meadow hampers infaunal reworking
(Eklöf et al. 2015), widely dispersed transplanted shoots lack
this effect and are rapidly buried (Valdemarsen et al. 2010,

2011). Similarly, Valdemarsen et al. (2011) showed that even a
low density of 5–10 individuals m�2 of the intense reworker
A. marina has a negative effect on seagrass abundance. The
applicability of the mat technique and its protection capacity

was evident at TU, where the yabby density was higher than at
all other locations (10- to 100-fold higher). The mat treatment
was also a successful transplant technique at BS, with a modest

abundance of yabbies (7 individuals m�2), suggesting that
transplant experiments are more likely to succeed in yabby-
colonised areas if they include protective subsurface mats.

Transplanted shoot numbers at all treatments at TL declined
rapidly within the first 35 days. Herbivory appears to be another
important constraint in these transplant experiments. Camera

observations and fish stomach content analyses from TU
showed that luderick (G. tricuspidata), a herbivorous fish,
directly consumes seagrass and was frequently present at all
locations, except BS. Luderick were observed grazing the tips of

seagrass leaves (Fig. 3). Accordingly, luderick could be consid-
ered a significant grazer of seagrass, which was confirmed by
the high content of seagrass tissue in the stomach of examined

luderick. The negative effect of luderick on transplanted shoots
was indirectly confirmed by the cage treatments at TU. Uncaged
transplants disappeared within 2 days, whereas caged shoots

survived for at least 300 days. Luderick are widely distributed
throughout eastern Australia (Atlas of Living Australia 2019),
suggesting that this phenomenonmay have a strong effect on the
success of Z. muelleri restoration in Australia. The precise role

of grazing by fish on seagrass survival deserves further research.
We recommend that, at a minimum, areas selected for large-
scale eelgrass transplantation should be surveyed for potential

grazers. If grazers are present, tests are needed to determine
whether it is necessary to apply grazing protection of the
transplanted shoots and, if so, how feasible that is at scale.

Conclusions

The present study demonstrates that, provided the right resto-
ration technique or combination of restoration techniques are
used, seagrass restoration is possible in the subtropical waters of
Queensland. This contradicts the current perception that sea-

grass restoration is not a recommended compensation measure
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(York and Smith 2013). However, a few guidelines should be
followed when restoration is planned to ensure success. The

stressors at a potential restoration site must be identified and the
restoration approach adjusted accordingly. It is recommended
that test transplantations are performed at the selected locations

before undertaking large-scale restoration actions. In general,
strongly physically affected locations, such as BE, should be
avoided. Because the selected locations should provide suffi-

cient light, areas with high turbidity and nutrient levels sup-
porting the growth of epiphytes should be avoided. Furthermore,
intense infaunal reworking by, for example, yabbies should be
avoided by selecting locations without these animals or by the

placement of protective mats under the transplanted shoots. Due
to the potential grazing pressure of, for example, luderick, res-
toration sites should be located in areas with a low abundance of

this grazer or protection methods in the form of cages should be
used if feasible. The best performance of transplanted seagrass
with the highest increase in shoot numbers can be ensured by

using the frame,matþ frame or cageþmatþ frame techniques.
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