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a  b  s  t  r  a  c  t

Seagrass  meadows  are  essential  and  ecologically  important  habitats  in  marine  ecosystems  providing
physical,  biological,  economic  and  social  benefits.  Concern  over  their  decreasing  trends  has  triggered  the
development  of many  restoration  programs  worldwide.  This research  aims  to  define  adequate  strate-
gies  to restore  Zostera  noltii  meadows  through  the application  of field  based  experiments.  To  this  end,
we  undertook  transplant  experiments  to test:  (i)  the influence  of the  sediment  type  on  the survival  and
growth  of  the  transplants;  (ii)  the utility  of habitat  modelling  in  the  selection  of  appropriate  recipient
locations  for seagrass  transplantation;  and  (iii)  the  time  required  for  the  natural  recovery  of  the  donor
beds.  Results  showed  a  greater  growth  of  Z. noltii within  sandy  sediments  in  comparison  to  muddy  sedi-
ments.  Nevertheless,  long-term  survival  of  transplants  was  observed  for  muddy  environments  sheltered
from  high  water  current.  Applied  habitat  suitability  model  rightfully  predicted  the success  of the  trans-
plant,  suggesting  such  models  as appropriate  management-decision  tools  for selecting  transplant  sites.
ransplants Although  donor  bed  recovery  was  assessed  using  different  strategies  (a hole  in  mud  and  a  filled  hole  in
sand), from  a  similar  state  as starting  point  (i.e.,  hole  filled),  seagrass  recovered  quicker in  sandy  sed-
iment.  In  the  light  of  our results  several  considerations  in  order  to increase  the  chance  of  a  successful
restoration  are  stated  to provide  a sound  basis  to  plan  and  implement  further  restoration  projects  of Z.
noltii.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Although seagrass meadows are considered ecologically impor-
ant habitats in coastal marine ecosystems (Orth et al., 2006),
roviding several physical, biological, economic and social ben-
fits (Cullen-Unsworth and Unsworth, 2013), their habitat is
eing lost and fragmented overall (Waycott et al., 2009; Short
t al., 2011). Consequently, efforts to restore seagrass mead-
ws are increasing widely (Paling et al., 2009; Cunha et al.,

012). Particularly in Europe, restoration efforts have focused
n the transplantation of Zostera marina (e.g. van Katwijk et al.,
998; Bos and van Katwijk, 2007) and Posidonia oceanica (e.g.

∗ Corresponding author at: Universidad Laica Eloy Alfaro de Manabí, Central
esearch Department, Ciudadela Universitaria, Vía San Mateo s/n, 13-05-2732
anta, Manabí, Ecuador.

E-mail address: mireia.valle@uleam.edu.ec (M.  Valle).

ttp://dx.doi.org/10.1016/j.aquabot.2015.07.002
304-3770/© 2015 Elsevier B.V. All rights reserved.
Molenaar and Meinesz, 1995; Piazzi et al., 1998; Sánchez-Lizaso
et al., 2009), whilst the restoration of Zostera noltii (e.g. Martins
et al., 2005; van Katwijk et al., 2009; Suykerbuyk et al., 2012)
and Cymodocea nodosa (e.g. Cunha et al., 2009) is less com-
mon.

According to literature, optimal survival of transplants mainly
depends on sediment type and the transplant site selection (e.g.
Seddon, 2004; Bos and van Katwijk, 2007; Busch et al., 2010;
Fonseca, 2011; Renton et al., 2011). Thus, we  aimed to evaluate
those factors in the restoration of the intertidal seagrass Z. noltii.
To this end, our objectives were to test: (i) the influence of the sed-
iment type on the survival and growth of the transplants; (ii) the
utility of habitat modelling in the selection of appropriate recipient
locations for seagrass transplantation; and (iii) the time required for

the natural recovery of the donor beds. These studies were designed
to determine the most effective methods to maximize the success
of a future large-scale restoration, with minimum impact on the
donor beds.

dx.doi.org/10.1016/j.aquabot.2015.07.002
http://www.sciencedirect.com/science/journal/03043770
http://www.elsevier.com/locate/aquabot
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquabot.2015.07.002&domain=pdf
mailto:mireia.valle@uleam.edu.ec
dx.doi.org/10.1016/j.aquabot.2015.07.002
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Table 1
Grain size classification for sandy and muddy sites (Wentworth, 1922).

Grain size (�m) Wentworth class Sandy site (%) Muddy site (%)

<63 Silt 48.6 70.5
62.5-125 Very fine sand 7.7 7.4
125-250 Fine Sand 21.0 12.4
M. Valle et al. / Aquati

. Materials and methods

.1. Study area, donor and recipient sites

This research has been developed in a temperate coastal area,
n two estuaries within the Basque coast (SE Bay of Biscay, north
f Spain; Fig. 1). In this coastal area, 7 out of the 12 estuaries
re classified under the type ‘estuaries with extensive inter-
idal flats’ according to the European Water Framework Directive
2000/60/EC; Borja et al., 2004) and, therefore, appropriate for host-
ng Z. notlii meadows. However, the presence of this seagrass is
estricted to 3 estuaries (Fig. 1) and has been recently listed as an
ndangered species within the Catalogue of Threatened Species in
he Basque Country (BOPV, 2011). The decline of Z. noltii in this
egion might be partially explained by the general degradation
f the estuaries over the last two centuries due to human pres-
ures (Borja et al., 2006). Although water quality has considerably
mproved as a result of effective water treatment (Tueros et al.,
009), the natural recolonization of locally extinct seagrass pop-
lations in this coastal area would need long recovery time as
uggested by the few and small extant populations, as sources of
eeds and fragments, and by low dispersal rates of Z. noltii popula-
ions (Coyer et al., 2004; Diekmann et al., 2005; Chust et al., 2013).
hus, in order to assist the species to recolonize these estuaries, the
ocal government has supported this research program to evaluate
actors influencing the restoration of Z. noltii and to prevent further
oss of this seagrass.

Donor sites where selected within the Oka estuary (Fig. 1), which
as the best preserved and largest Z. noltii meadows within this
egion, hosting up to 87% of the seagrass beds surface (Garmendia
t al., 2013) and where the genotypic diversity (i.e., number of
nique individuals within populations) of Z. noltii meadows is the
ighest (0.74) in comparison to the other estuaries where Z. noltii
ccurs (Bidasoa 0.51 and Lea 0.20; Chust et al., 2013).

The recipient site (Butroe estuary, Fig. 1) was chosen on the basis
f water quality, physical environment and similarity to the estuar-
es where the species is currently present (i.e., Oka, Lea and Bidasoa;
armendia et al., 2010).

.2. Transplanting procedure

Extraction and planting of seagrass sods (i.e., planting units, PUs,
ereafter) was selected as the technique to be applied in all the
ransplants (Appendix A, Fig. 1). PUs consisted of seagrass sods of
8 cm long and 27 cm width (aerial surface of 1026 cm2) including
hoots, roots, and rhizomes with associated sediment (10–15 cm
epth; Appendix A, Fig. 1). Extraction and plantation tasks were
ndertaken during low tide and lasted approximately three hours
ach working day. PUs were extracted from the donor bed and
laced in wooden boxes (Appendix A, Fig. 1), which were covered
ith wet sheets to avoid desiccation during the field work. The PUs
ere transported by road to the recipient sites (one hour approx.).

he wooden boxes were then placed in the intertidal flat of the
ecipient estuary, in a sheltered and not easily-visible location. Next
ay at the lowest tide, sods were planted in previously excavated
oles of 10–15 cm depth.

In order to ensure that possible transplant failure was  not related
o the transplanting procedure and the associated stress, control
ransplants were carried out. Six control PUs were harvested fol-
owing the same methodology during the field works in years
011 and 2012. Control PUs were first extracted and introduced in
ooden boxes and then covered with wet sheets during the time
lapsed in the donor bed (approx. 2 h). Once the extraction work
as finished, the harvested control PUs were returned to their orig-

nal site following the same transplanting methodology used in the
ecipient site. Shoot density in the control PUs was  sampled dur-
250-500 Medium sand 21.7 8.7
500-1000 Coarse sand 1.0 1.0

ing one year and was compared to the shoot density in the natural
undisturbed bed.

2.3. Influence of sediment type

To assess the influence of the sediment type on survival and
growth of the transplants, 8 PUs were planted in the Butroe estuary
in early spring 2009. Four PUs were transplanted in sandy sedi-
ment and four PUs in muddy sediment (Table 1). Transplants were
planted 125 m apart. The sandy site was  very close to the river chan-
nel at 0.2 m height above mean sea level, while the muddy site
was close to the river edge at 0.5 m.  Shoot density and horizontal
growth (occupied aerial surface) were sampled monthly during 15
months. Differences between paired means of the measured vari-
ables (shoot density and horizontal growth) for sandy and muddy
sediments were analyzed using a paired t-test (McDonald, 2009).
Here, paired t-test is used since the variables (shoot density and
growth) for each PU treatment (sandy and muddy sediment) are
measured at the same date conditions and repeated for different
dates.

2.4. Habitat suitability model

Restoration of seagrass beds should be preceded by careful site
selection (e.g. van Katwijk et al., 2009; Fonseca, 2011). To this
end habitat suitability modelling represents a promising approach
to determine suitable locations for transplantation (Guisan and
Zimmermann, 2000; Franklin, 2009; Valle et al., 2011).

In order to assess the usefulness of habitat suitability modelling
in the restoration process, 9 PUs were planted in the Oka estuary
in different locations where the species was  not occurring and the
habitat presented different probability of suitability according to
a habitat suitability model developed for this estuary (Valle et al.,
2014). The model was generated applying a Generalized Additive
Model (GAM; Hastie and Tibshirani, 1996) and included topo-
graphical, sedimentological and hydrographical variables which
are thought to influence the distribution of Z. noltii. We selected
this model owing its high accuracy explaining the distribution of
the Z. noltii in the Oka estuary (97% of deviance explained).

PUs were planted in March 2010 along a gradient of suitabil-
ity (from low to high suitability; Fig. 2). Three PUs were placed in
the southernmost location of the intertidal flat (OK1; low suitabil-
ity, 28 ± 10%), three PUs in the middle part (OK2; high suitability,
98 ± 2%), and the last three PUs were located in the northernmost
location (OK3; high suitability, 96 ± 1%). This gradient of suitabil-
ity was  primarily dependent on depth. To determine whether the
model was useful for selecting the recipient site, the agreement
between the transplants’ success (i.e., survival and high shoot
density) and the habitat suitability value (i.e., probability of occur-
rence) were compared. To assess this agreement, survival and shoot
density in each PU were monthly sampled and compared to the
observed density in natural undisturbed beds close to the donor

site during one year. Considering the observed densities in the last
sampling, a linear regression model was fitted between the mean
shoot density, as the dependent variable, and the habitat suitability
value, as the independent variable.
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Fig. 1. Estuaries within the Basque coast (SE Bay of Biscay, north of Spain). Estuaries where Zostera noltii naturally occurs (in bold, black triangles). Butroe estuary, recipient
of  transplant material (highlighted by an asterisk).
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ig. 2. a) Oka estuary where transplant and donor sites are located (black triangles
ite  (OK-D).

.5. Donor bed recovery

The time required for a natural recovery of the donor bed was
ssessed in 2010, 2011 and 2012. The donor site selected in 2010
as established in muddy sediment, whereas the donor sites from

011 and 2012 were established in sandy sediment. In addition
o sedimentological differences, two strategies were implemented
fter the extraction of the transplanting stock. In 2011 and 2012 the
ug holes were replenished (i.e. covered) with surrounding sandy

ediment (Appendix A, Fig. 2). In 2010 no action was  undertaken
fter the extraction of PUs (Appendix A, Fig. 3).

In 2010 donor bed monitoring consisted of bimonthly measure-
ent of depth in the dug hole and field photographs during the first
abitat suitability map  zoom to the transplants sites (OK1, OK2 and OK3) and donor

year; thereafter a sparser sampling rate was  followed (4 months
between samplings). In 2011 and 2012 donor beds were monitored
by monthly field photographs until total recovery was observed.
Once regrowth was  observed, shoot density was sampled in the
donor beds and compared to surrounding natural undisturbed Z.
noltii meadows.

2.6. Field measurements and data processing
All transplants were visited monthly during the first year for
in situ measurements. Shoot density was  sampled deploying a
10 × 10 cm quadrat inside the PUs and counting the number of
surviving shoots. Sampled density was expressed in shoot m−2.
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ig. 3. Mean (±Standard Deviation) shoot density of Zostera noltii in control plantin
ransplants; (b) data from 2012 transplants.

ensity was sampled in the densest area of the PU; this criteria
as selected to avoid possible bias due to shoot burial (due to sed-

ment deposition and algae) in areas of the quadrats. Horizontal
rowth was calculated using field photographs of the PUs. Pho-
ographs were processed using an image processing and analysis
oftware (ImageJ) to estimate the aerial surface of one PU based on
he presence of shoots (or leaves). Subsequently, an areal extent
atio index was calculated as the ratio between the areal extent
n the time t and the initial areal extent of the PU (i.e., an areal
xtent ratio index of 2 means that a PU has doubled its initial aerial
urface).

. Results

.1. Transplanting procedure

In both control trials, PUs showed a very similar seasonal
ynamics to the natural bed (Fig. 3), indicating that the used trans-
lanting procedure, using sods and spring timing, was not affecting
he success rate of the PUs.

.2. Influence of sediment type

Z. noltii shoot density was observed to be significantly higher
rom the 2nd to the 9th month (paired t-test, p = 0.003) in the PUs
stablished in sandy sediment (average value 3143 ± 768 shoots
−2) than in those in muddy sediment (average value 2360 ± 550

hoots m−2; Fig. 4). Measured areal extent ratio index was also
ound to be significantly different between both treatments (paired
-test, p = 0.005), observed average values were 3.26 ± 2.24 in sandy
ediments and 1.27 ± 0.57 in muddy sediments. However, after the
enth month the development in the PUs within sandy sediment
ppeared to be negatively influenced by burial due to the displace-
ent of sand occurring close to the main channel (Fig. 4). In June

010 (15 months after the planting), a river flood event, which
roded a large amount of sediment in this zone, caused the loss
f all PUs in the sandy site (Fig. 4).

The sandy sediment appeared to be more suitable for root
rowth and establishment than muddy sediment during the first
onths (sandy PUs showed an areal extent ratio index greater than
, while in muddy PUs it was lower than 2; Fig. 5). Nevertheless,
ong-term survival of transplanted PUs was better in muddy envi-
onments. After 5.5 years a PU in the muddy site still survives (25%
n terms of number of transplanted PUs), it has increased 8 times
 (OK-C) and natural undisturbed bed close to donor sites (OK-D), a) data from 2011

its aerial surface (200% in terms of transplanted area) and shows a
positive growing trend.

3.3. Habitat suitability model accuracy

An initial average density value of 5000 shoots m−2 was
observed in all PUs transplanted. Whilst shoot density in PUs from
OK1 site (low suitability value) showed a decreasing trend after the
second month and a maximum areal extent ratio index of 0.77, PUs
in OK2 and OK3 sites (high suitability value) showed a good general
condition after transplantation (i.e., similar density trends to the
natural population; Fig. 6). Areal extent ratio index in OK2 increased
steady from 0.89 to 3.6. OK3 suffered an external impact in winter
which suddenly interrupted its development (its areal extent ratio
index decreased from 1.2. in November to 0.41 in December) and
led to an important decrease in shoot density (Fig. 6). The external
impact might be related to trampling by shellfish-gatherers which
were observed several times within the PUs of this site during
the monitored year, negatively affecting the transplants. Observed
mean shoot density during the last sampling month (June 2011)
in each site was: 300 ± 173 shoots m−2 within OK1; 3800 ± 872
shoots m−2 within OK2; and 1967 ± 651 shoots m−2 within OK3. In
turn, the density in the natural donor population (OK-D) was  4500
shoots m−2. The linear regression model fitted between the shoot
density of the PUs and the habitat suitability value, showed a sig-
nificant relation (p = 0.007) and presented an adjusted R2 of 0.63
(Fig. 7), indicating a positive relation between habitat suitability
and the success of transplants.

3.4. Donor bed recovery

In 2011 and 2012, the donor sites were completely recovered
after one year (i.e., no apparent external impact remained and
replacement of donor material with regrowth of rhizomes and
shoots occurred, being shoot density into the hole similar to nat-
ural, non-disturbed meadows in the area; Appendix A, Figs. 4 and
5). In 2010, sediment in the donor site was  muddy and the dug
hole was  not replenished. In this case, more than 24 months were

needed to naturally cover the hole and to start the recovery of the
vegetative material (Appendix A, Fig. 6). However, after 43 months
a nearly complete recovery was also observed in this donor site (2.5
years more than in 2011 and 2012 trials; Appendix A, Fig. 6).
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. Discussion

.1. Transplanting procedure

Control PUs showed similar dynamics in shoot density to natu-
al populations, thus extraction and planting of sods of ca. 1000 cm2

nd 10 cm depth was found to be an adequate transplanting proce-
ure for Z. noltii. This procedure remains a mainstay of vegetative
ransplantations (Fonseca, 2011) as it has been found to yield the
ighest chances of success (Fonseca et al., 1998). As explained by
onseca (1994) and Paling et al. (2001), this method minimizes dis-
uption to root and rhizome tissues allowing the development of
he transplanted shoots and a successful transplant establishment.

Transplanting period was also found to be adequate. We
ransplanted in early spring, when belowground biomass is well

eveloped, but the growing season has not fully started yet
i.e., higher percentage than aboveground biomass; Vermaat and
erhagen, 1996). This period also coincides with the season where
Time (mo nths )

and triangles) and a PU within muddy sediment (dashed line and rectangles).

temperature and light conditions start increasing (Martins et al.,
2005).

4.2. Influence of sediment type

We  found a greater areal extent ratio index in the PUs estab-
lished in sandy sediment in comparison to those transplanted in
muddy sediment during the first growing season (Figs. 4 and 5).
Nevertheless, the long-term survival of transplanted PUs  was
observed within muddy environments sheltered from high cur-
rents. These findings suggest that sediment type affects the
growth, whereas location contributes to survival, and confirm that
sheltered locations are essential for longer-term survival of trans-

planted seagrass plots (van Katwijk et al., 2009). Marbà and Duarte
(1995) also confirmed that high sediment mobility maintains sea-
grass beds in a continuous state of colonization involving spatially
asynchronous patch growth and subsequent mortality.
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After 5.5 years we reported a survival rate of 25% for the trans-
lants located in muddy sediment. Besides this observed survival
ate, which is close to the survival rate documented by Fonseca
t al. (1998), the PU from the muddy site showed a very successful
patial expansion: it increased eight times in extent and 200% of
he initially transplanted overall area is maintained.

Although long-term survival was only documented for the
uddy site, considering the exponential areal expansion rates of

he PUs transplanted in the sandy site, spring culture of trans-
lants can be recommended for small scale restoration projects.
his might be done selecting sandy environments as initial location
o acclimate and enhance the growth of the PUs before definitive

ransplantation. However, this strategy should consider possible
ccurrence of punctual and unpredictable events (such as floods
r storms) and therefore, once the PUs have grown, transplants
hould be moved from sandy locations (i.e. exposed environment)
Time (mo nths )

OK2 and OK3 sites; and of the natural population at the donor site (OK-D).

to a more sheltered zone. When a bigger restoration project is
planned, transplanted seagrass beds could be left in place because
they will create their own mutual sheltering effect since they can
act as ecosystem engineers and modify their abiotic environment
(Jones et al., 1997). Vermaat et al. (1987) demonstrated along a
transect gradient how mutual sheltering provides defense against
adverse conditions such as current velocities with concomitant
high chances of uprooting.

4.3. Habitat suitability model

Mapping suitable sites for restoration practices has been rec-
ommended by several authors (e.g. Kelly et al., 2001; Bekkby et al.,
2008; van Katwijk et al., 2009). Here the usefulness of a habitat
suitability model (Valle et al., 2014) for the selection of an appro-
priate recipient site has been tested; the model rightfully predicted
the success of the transplant. We  have shown that planting within
predicted suitable sites increased the chance of a successful restora-
tion. Thus, the observed positive relation between success of PUs
(i.e., shoot density) and habitat suitability values indicates that
the habitat suitability model predicts adequate locations for trans-
plants. Therefore, building a habitat suitability model to support the
selection of the most suitable recipient sites is highly recommended
in order to improve the essential guideline on seagrass transplanta-
tion: careful site selection (e.g. van Katwijk et al., 2009; Marion and
Orth, 2010). The habitat suitability model should be built within the
first stage of the restoration programme and should be subjected to
experts’ opinion (Kelly et al., 2001). Before deciding the location of
the transplants, the potential uses (e.g., recreational, boating, shell-
fish collectors) of the suitable sites must also be considered. In this
sense, the trampling disturbance we  found in the PUs from OK3
(highly suitable site) probably negatively affected the transplants
(marked decrease in shoot density and in areal extent ratio index)
and consequently, a highly suitable site, was close to become not
suitable due to human pressure (i.e., transit zone).

4.4. Donor bed recovery
Z. noltii seagrass combines a very high branching rate (Vermaat
and Verhagen, 1996) with a moderately fast rhizome elongation
rate suggesting that it is likely capable of fast patch growth (Cunha
et al., 2004). These growth rates were observed in the sandy donor
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ite where the hole created after the extraction of PUs was replen-
shed (i.e., filled) with surrounding sediments, confirming that this
pecies can rapidly recover by clonal growth after modest sedi-
ent disturbance as documented by Han et al. (2012). In muddy

onor population where no replenish was undertaken, the recovery
asted much longer, suggesting that both, the sediment type and the
resence of the hole, probably contributed to the delayed recovery.
hus, to minimize the impact produced in the donor beds, selection
f sandy environment and filling excavations are found to be ade-
uate strategies. Bourque and Fourqurean (2014) also suggested
lling excavations as an important step on seagrass restoration.
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