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Abstract

The aim of ecological restoration is to establish self-sustaining and resilient systems. In coral reef restora-
tion, transplantation of nursery-grown corals is seen as a potential method to mitigate reef degradation
and enhance recovery. The transplanted reef should be capable of recruiting new juvenile corals to ensure
long-term resilience. Here, we quantified how coral transplantation influenced natural coral recruitment
at a large-scale coral reef restoration site in Seychelles, Indian Ocean. Between November 2011 and June
2014 a total of 24,431 nursery-grown coral colonies from 10 different coral species were transplanted in
5,225 m? (0.52 ha) of degraded reef at the no-take marine reserve of Cousin Island Special Reserve in an
attempt to assist in natural reef recovery. We present the results of research and monitoring conducted
before and after coral transplantation to evaluate the positive effect that the project had on coral recruit-
ment and reef recovery at the restored site. We quantified the density of coral recruits (spat <1 cm) and
juveniles (colonies 1-5 cm) at the transplanted site, a degraded control site and a healthy control site at the
marine reserve. We used ceramic tiles to estimate coral settlement and visual surveys with 1 m? quadrats
to estimate coral recruitment. Six months after tile deployment, total spat density at the transplanted site
(123.4 + 13.3 spat m™) was 1.8 times higher than at healthy site (68.4 + 7.8 spat m?) and 1.6 times higher
than at degraded site (78.2 + 7.17 spat m™?). Two years after first transplantation, the total recruit density
was highest at healthy site (4.8 + 0.4 recruits m™), intermediate at transplanted site (2.7 + 0.4 recruits m?),
and lowest at degraded site (1.7 + 0.3 recruits m?). The results suggest that large-scale coral restoration may
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have a positive influence on coral recruitment and juveniles. The effect of key project techniques on the
results are discussed. This study supports the application of large-scale, science-based coral reef restoration
projects with at least a 3-year time scale to assist the recovery of damaged reefs.

Keywords
Reef recovery, coral transplantation, coral settlement, coral recruitment, Acroporidae, Pocilloporidae,
Western Indian Ocean

Introduction

A key principle in ecological restoration is to re-establish self-sustaining and resilient
ecosystems, similar to their reference ecosystems (Shackelford et al. 2013; Suding et al.
2015). Due to the continued decline of coral reefs worldwide (Hughes 2003; Pratchett
et al. 2014), restoration of damaged coral reefs has been recommended as a strategy
to assist in reef recovery (Rinkevich 1995, 2008). Restoration of damaged reefs by
transplantation of nursery-grown coral colonies increases coral cover, species diver-
sity, coral reproduction capacity and local recruitment (Richmond and Hunter 1990;
Horoszowski-Fridman et al. 2011). If donor coral colonies are the survivors of previ-
ous bleaching events, coral transplantation increases the spread of bleaching-resistant
genotypes and improves resilience (Edwards 2010; Mascarelli 2014). In coral reef res-
toration, long-term sustainability relies on enhancement of coral recruitment: trans-
plants become an additional source of recruits, or recruits from elsewhere are attracted
to the transplanted site by settlement cues associated with the presence of new corals
(Kingsford et al. 2002; Sponaugle et al. 2002; Gleason et al. 2009; Dixson et al. 2014).

The 1998 mass coral bleaching event severely affected the reefs of the Indian
Ocean (Spencer et al. 2000; Spalding and Jarvis 2002) with 30% mortality recorded
at a regional level (Obura 2005). In the Seychelles Archipelago alone, live coral cover
decreased to less than 3% in some areas (Graham et al. 2006). Since 1998, recovery
has been extremely slow in the inner granitic islands of Seychelles (Graham et al.
2006; Chong-Seng et al. 2014; Harris et al. 2014). Such slow post-bleaching recovery
motivated active restoration efforts in the inner Seychelles to assist natural recovery
(Frias-Torres et al. 2014). Between November 2011 and June 2014 a total of 24,431
nursery-grown coral colonies from 10 different branching and tabular coral species
were transplanted in 5,225 m?* (0.52 ha) of degraded reef at the no-take marine reserve
of Cousin Island Special Reserve (Frias-Torres et al. 2014; Frias-Torres and van de
Geer 2015; Frias-Torres et al. 2015).

Could coral transplantation have a positive effect on coral recruitment and there-
fore enhance reef recovery at the restored site? Coral recruitment did not change when
comparing sites with coral settlement structures with and without coral transplants (Mal-
dives, Clark and Edwards 1995) or comparing with untouched control areas (Indonesia,
Ferse et al. 2013). Both studies recommended coral transplantation as a last resort when
reef recovery is hindered due to limited natural recruitment. When coral fragments were
transplanted directly to the natural reef substrate, coral recruitment in transplanted areas
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was higher than in denuded non-transplanted areas (Tanzania, Mbije et al. 2013). From
these studies it is unclear whether coral transplantation is effective in enhancing natural
coral recruitment or in accelerating reef recovery. Such uncertainty hinders the cost-ef-
fectiveness of ongoing and future coral transplantation projects. A possible limitation in
our understanding of the effectiveness of coral transplantation is due to the small scale of
transplant studies (<0.1 ha) compared to the scale of reef damage, because the transplan-
tation of nursery-reared colonies to a degraded reef at small scales might be insufficient
to enhance local coral recruitment (Edwards and Gomez 2007).

Our aim was to evaluate the effects of large-scale coral restoration on coral recruit-
ment in a no-take marine reserve. We assessed the spatial differences in natural coral
recruitment and juveniles after coral transplantation. We quantified coral recruitment
and juveniles at the transplanted site and two untouched sites: healthy and degraded.
The healthy and degraded sites served as a reference for natural coral recruitment. We
hypothesized that coral recruitment and juveniles would be highest at the healthy site,
intermediate at the transplanted site, and lowest at the degraded site. This study will
contribute to our understanding of the effectiveness of large-scale coral restoration in
enhancing natural coral recruitment or in accelerating reef recovery.

Methods
Study site

The study site was a continuous fringing reef on the south-west side of Cousin Island
(Figure 1). The reef is approximately 400 m long and 30 m wide (ca. 1.2 ha), ranging
in depth between 6.5 and 13 m. Corals of a 40 m long section of the reef at its south-
ernmost end (4°20'09"S, 55°39'32"E) survived the 1998 mass coral bleaching event.
This survivor section became the healthy site (ca. 0.12 ha), one of the untouched refer-
ence sites. Coral cover in this section of the reef has shown good recovery from <15%
in 2012 to <35% in 2014 (Figure 1), and is dominated by Acropora (e.g. A. appressa,
A. cytherea, A. humilis, A. hyacinthus) and Pocillopora (R grandis and P verrucosa) spe-
cies. Coral cover in the remainder of the reef (ca. 1 ha) was less than 3%. Here, a 50-m
long section of the reef, north-west (4°20'08"S, 55°39'30"E) of the healthy site, was
selected as the degraded site (ca. 0.13 ha), the other untouched reference site, where a
mix of consolidated, unconsolidated rubble and sand dominate the substrate, and coral
cover has remained unchanged since 2012 (Figure 1). A 150-m long section of the
degraded reef north (4°20'04"S, 55°39'25"E) of the degraded site was targeted for res-
toration through coral transplantation. This was the transplanted site (0.52 ha), where
the substrate resembled the degraded site in 2012. Although 10 different branching/
tabular species were transplanted in this site (Acropora cytherea, A. damicornis, A. for-
mosa, A. hyacinthus, A. abrotanoides, A. lamarki, A. vermiculata, Pocillopora damicornis,
P indiania, P grandis and P verrucosa; species identification after Veron 2000 and
nomenclature after the World Register of Marine Species [www.marinespecies.org]),
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Figure 1. Study area and live coral cover and family composition at each site. A Locations of Seychelles,
Cousin Island, donor site (Les Parisiennes) and the three study sites: healthy control, degraded control
and transplanted. Lower panel shows the seascape and concrete blocks with tiles at B healthy control
(HC) C transplanted (T) and D degraded control (DC) sites. E Change in average (+ SE) live coral cover
(% of total area) for individual sites between the start (November 2012) and the end (June 2014) of the
transplantation project. F Family (ACR = Acroporidae; POC = Pocilloporidae; OTH = Other families)
composition (% of total coral species) at three different stages (i.e. recruits, juveniles and adults) of the life
cycle of corals in the three study sites at the end of sampling period. No significant differences in juveniles

composition between sites or sampling periods were found.
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the dominant transplanted coral genus was Pocillopora, which included one broadcast
spawner (P grandis) and two facultative brooding (2 verrucosa and P damicornis) spe-
cies (Schmidt-Roach et al. 2012 and references therein). All three study sites were
separated by arbitrarily defined 50-m buffer zones. Figure 1 shows the 2012 and 2014
coral cover as well as the 2014 coral family composition for each site.

Our experience in the local conditions indicated strong (-0.5 m s™) bidirectional
currents along the reef with no clear seasonal pattern due to local winds, tides and
bathymetry (Jennings et al. 2000). From May to October the trade winds blow from
the southeast (Southeast Monsoon), and from December to March they tend to blow
from the northwest (Northwest Monsoon). The transition months of April and No-
vember have light and variable winds. The current and wind conditions suggest that
all sites were equally exposed to two major environmental factors that affect coral
settlement and recruitment, namely current patterns and connectivity to sources of
coral larvae. We recognize that the differential post-1998 bleaching survivorship of the
study area may suggest variations in microhabitat and small-scale oceanographic con-
ditions between sites. However, we considered that any differences in environmental
conditions between the transplanted and degraded sites were negligible because these
two sites were similarly affected by the 1998 coral bleaching event and remained equal-
ly degraded prior to the start of the coral transplantation project in November 2011
(Figure 1). Further, Chong-Seng et al (2014) found that rates of coral recruitment to
settlement tiles were similar across three different reef conditions (coral-dominated,
rubble-dominated, and macroalgal-dominated reefs) in the inner Seychelles, suggest-
ing that larval supply is not a limiting factor for reef recovery. Therefore, we assumed
all three sites had the same likelihood of receiving coral larvae.

Coral recruitment

We deployed settlement tiles onto the reef between 9* and 15® January 2014, over 14
months after first coral transplantation. Based on our coral reproduction monitoring,
this deployment schedule allowed approximately 3 weeks biological conditioning of
the tiles prior to the first expected coral spawning in the area, the first week of February
2014 (Montoya-Maya, unpublished data).

Coral recruitment (spat <1 cm) was compared among all three study sites over a
six-month period using settlement tiles. Two ceramic tiles (16 x 16 x 0.8 cm) were
placed separately on a concrete block and secured with a plastic cable tie. Flat ceramic
tiles attached to concrete blocks were used, rather than other more efficient coral settle-
ment methods (e.g. tiles of differing texture and orientation; Petersen et al. 2005), due
to the difficulty of sourcing local materials for more complex settlement structures. Al-
though the results could provide an underestimate of total coral recruitment rates, we
considered tile placement appropriate for our objectives. In January 2014, 20 concrete
blocks, with two tiles per block, were deployed at each of the three study sites. All con-
crete blocks were deployed within the same depth range (8—10 m) with adjacent blocks
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separated by 5 m. This deployment setup resulted in comparable survey areas (ca. 0.12
ha) at each site despite the transplanted site being larger. Tiles were retrieved in July
2014, >19 months after first transplantation. Tiles were left to dry in the sun for 24
hours and then rinsed in freshwater to remove sediments. Biofouling was insignificant
and similar across sites, therefore, we considered unnecessary soaking the tiles in di-
luted bleach. Each tile was then visually examined twice by different observers using a
stereomicroscope to identify coral spat. The coral spat were counted and identified to
family level. Families of newly settled corals were identified following Babcock et al.
(2003). Families that could not be identified due to damage or insufficient develop-
ment were pooled into the category “unidentified”.

Coral juveniles

Coral juveniles were assessed four times: before transplantation, 12, 18 and 24 months
after first transplantation. Abundance and diversity were quantified at genus level for coral
juveniles by SCUBA diving and counting the number of juvenile scleractinian corals (<5
cm in diameter) within 1 m? quadrats on natural substrate. At the transplanted, degraded
and healthy sites, six 10-m transects were deployed and within each transect three quadrats
were randomly placed (using a random number table) for juvenile coral abundance. The
substratum of each quadrat was carefully examined for non-fragmented small colonies.
Any obstructive macroalgae was parted when necessary. Colonies resulting from fission,
shrinkage or fragmentation of older colonies were excluded. Because individual corals
were not being monitored through time and fixed quadrats were not used, estimates were
considered as total number of juveniles (i.e. new juveniles and old juveniles) and not as an
estimate of recruitment rates (i.e. number of new recruits per unit time).

Statistical analysis

The experimental design we used was a compromise between scientific objectives and
the time required to implement a large-scale coral reef restoration project. We acknowl-
edge the limitations such an approach has in our ability to statistically test the effect of
the coral transplantation effort. Accordingly, differences in recruit and juvenile density
between the three sites were evaluated using generalized linear mixed models (GLMMs)
with a Poisson error structure, with the log link function and site as a fixed effect. There
were two types of random factors. In recruit density, we used tile nested within cement
block to account for pseudo replication. In juvenile density, we used time and quadrat
nested within transects to account for pseudo replication and irregular monitoring in-
tervals. We used the likelihood radio (LR) test to determine the influence of fixed and
random effects on recruit and juvenile densities by comparing the fit for models with
and without the conditions (Bolker et al. 2009). When over-dispersion and excess of ze-
ros were present in the data, a quasi-Poisson count variance structure with zero-inflated
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models was used (Bolker et al. 2009; Harrison 2014). We completed the analyses for
each of the two main transplanted families separately (Acroporidae and Pocilloporidae),
for all other families pooled, and for all taxa pooled. All statistical tests were done in R
(R Core Team 2013), for fitcting GLMMs the /me4 (v1.1-6: Bates et al. 2014) and glm-
mADMB (v0.8.0: Skaug et al. 2012) packages were used.

Results

Coral recruitment

During the six-month study, 326 spat were counted across all sites: 192 (58.9%) re-
cruited on the upper surface of the tile and 134 (41.1%) settled on the sides. Pocil-
loporid corals predominated at all sites (80.7% of recruits) followed by other families
(13.5%) and Acroporidae (5.8%). The average density was 2.8 + 0.19 spat tile™ (86
+ 6.1 spat m?) and ranged from 0 to 13 spat tile” (0 - 351.4 spat m?). Although the
contribution of Pocilloporidae to the total number of spat at each site varied slightly
(71.6-89.9%), the contribution of Acroporidae at the healthy site (12.6%) was higher
than transplanted site (2.0%; Figure 1).

Total recruitment varied significantly among sites (LR test: 3= 15.50, df'=2, P <
0.001) and similar results were found for the three coral taxa examined (Acroporidae:
1 =06.77,df=2,P =0.034; Pocilloporidae: y’= 11.2, df = 2, P = 0.004; Other families:
7 =12.10, df = 2, P = 0.002). Spat density at the transplanted site was 1.6 times (0.46
+ 0.15, 8 + SE on the logit scale; Figure 2) higher than the healthy site (GLMM, 7 =
3.15, P = 0.002; Table 1). Pocilloporid spat density at the transplanted site was 1.8
times higher (0.58 + 0.18, on the logit scale; Figure 2) than the healthy site (GLMM,
7 = 3.20, P < 0.01). Although degraded site had consistently lower spat densities for
all taxa examined, spat density from other than the two dominant families at the de-
graded site was significantly lower than the healthy site (GLMM, 7z = -2.15, P < 0.05;
Figure 2). Spat density at the transplanted site was higher than the degraded site for
pocilloporids (GLMM, 7z = 2.52, P = 0.012), other coral families (GLMM, 7 = 3.12,
P =0.002), and all taxa combined (GLMM, 7 = 3.68, P < 0.001), between 1.6 (Pocil-
loporidae) to 6 (Other families) times higher than degraded site (Table 1).

Coral juveniles

Throughout the four sampling periods between November 2012 and October 2014,
527 juveniles were counted in 216 quadrats. The overall juvenile density was 3.1 +
0.19 juveniles m?, ranging from 0 to 16 recruits m™. Acroporid juveniles were 40.2%
of the total coral juveniles across sampling periods, followed by other families (37.2%)
and Pocilloporidae (22.6%). The family distribution of coral juveniles was similar be-
tween sampling periods and between study sites (Figure 1).
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Figure 2. Estimated influence (marker) and 95% confidence intervals (lines) of each study site (DC— de-
graded control; HC — healthy control; T — transplanted) on coral recruitment and juveniles of acroporidae
(ACR), pocilloporidae (POC), other coral families (OTH), and all individuals combined (ALL) based
on poisson- distributed generalized linear mixed effect models (GLMMs). The HC site was set as the

reference level (intercept). *A quasi-Poisson distribution family was set in the model to account for over

dispersion.

Total juveniles varied among sites (y°= 35.13, df = 2, P < 0.001) and similar results
were obtained for the three coral taxa examined (Acroporidae: y?= 27.69, df = 2, P <
0.001; Pocilloporidae: 3* = 23.48 df = 2, P < 0.001; Other families: = 18.73, df = 2, P
< 0.001). The healthy site had the highest total juvenile density (GLMM, 7z = 6.74, P <
0.001; Table 1), particularly of Acroporidae (GLMM, 7 = 3.34, P < 0.001; Figure 2). The
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Table I. Estimates of spat and juvenile densities (mean + SE) of Acroporidae, Pocilloporidae, other coral
families (Other) and all families combined (All taxa) for each study site.

Taxon Healthy Control ‘ Degraded Control Transplanted
Acroporidae
Spat tile”! 0.3 £ 0.08 0.1+0.06 0.1+0.04
Spat m™ 9.7 £2.61 33+1.95 3.3+1.30
Juvenile m 2.1+0.24 0.7 £0.16 1.0+ 0.19
Pocilloporidae
Spat tile”! 1.7 +0.22 1.9+0.22 3.1+0.43
Spat m” 55.4+7.17 61.9 £7.20 101.0 + 14.01
Juvenile m? 1.4+0.18 0.4 +0.09 0.6+0.11
Other
Spat tile! 0.4 +0.04 0.1+0.06 0.6+0.13
Spat m? 13.0 + 1.30 3.3+1.95 19.5 £4.23
Juvenile m? 1.6 £ 0.16 0.5+0.11 1.1 +0.21
All taxa
Spat tile! 2.1+0.24 2.4+0.22 3.8 +0.41
Spat m? 68.4+7.82 782 +7.17 123.8 + 13.35
Juvenile m 4.8 £ 0.40 1.7 £ 0.26 2.7 £0.38

Recruitment is expressed as both spat tile” and no. spat m™. The latter represent standardized units.

degraded site had the lowest total juvenile density (GLMM, 7z = -6.36, P < 0.001; Figure
2), particularly of Pocilloporidae (GLMM, 7 = -5.06, P < 0.001; Figure 2). Juvenile den-
sity at the transplanted site was consistently higher than the degraded site (Acroporidae:
GLMM, 7 = 2.06, P = 0.039; Pocilloporidae: GLMM, 7 = 2.36, P = 0.019; other families:
GLMM, 7 = 2.12, P = 0.034; all taxa: GLMM, 7 = 3.10, P < 0.01; Figure 3), between
1.1 (Acroporidae) to 1.9 (Pocilloporidae) times higher than degraded site (Table 1). The
time of sampling period had a significant influence on the juvenile density of all taxa (/
=10.28, df= 1, P < 0.01) and Acroporidae ()’ = 6.83, df = 1, P < 0.01); likely driven by a
higher count of juveniles at the end of this study (Figures 3 and 4). However, the influence
of sampling period on juvenile density was not statistically significant for Pocilloporidae

(= 0.55,df =1, P = 0.457) and other coral families (’= 1.94, df = 1, P = 0.164).

Discussion

We quantified spatial differences in natural coral recruitment and juveniles after large-
scale coral transplantation by comparing two untouched control sites (healthy and
degraded) with the transplanted site. Coral recruitment was assessed >14 months after
first transplantation using a single tile deployment. Six months after tile deployment,
total spat density at the transplanted site was 1.8 times higher than the healthy site
and 1.6 higher than the degraded site, but the magnitude of variation in coral recruit-
ment between the transplanted site and the degraded site was up to 6 times for coral
families other than Pocilloporidae and Acroporidae. Spatial variation in early coral
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Figure 3. Mean (+SE) numbers of juveniles observed at the three study sites by sampling period. Data are
presented for all individuals combined and for Acroporidae, Pocilloporidae and other families separately.
Dates correspond to the four sampling periods. Statistical significant differences (P < 0.05) between sites

are also shown.

recruitment is common between and within reefs (Fisk and Harriot 1990; O’Leary and
Potts 2011). The variation at larger scales has been explained by differences in habi-
tat quality, represented by differences in adult cover and substrate composition (Ver-
meij 2005), whereas at smaller scales it has been related to fish grazing and predation
(O’Leary and Potts 2011). Coral transplantation clearly results in the modification of
coral cover and substrate composition at the transplanted site (Edwards and Gomez
2007; Frias-Torres et al. unpublished data). Therefore, it is possible that the changes in
habitat quality resulting from large-scale coral transplantation promote coral recruit-
ment at the transplanted site.

We propose three reasons to explain the increase in coral recruitment at the trans-
planted site. First, the transplanted corals increase local production of coral larvae.
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The transplanted colonies were large enough at transplantation time (>15 cm) to have
a high probability of being mature (Babcock 1991; Montoya-Maya et al. 2014) and
there were gravid colonies at the transplanted and healthy sites (P. H. Montoya Maya,
personal communication, February 2014). It is possible that the majority of larvae
settling at the transplanted site were locally produced by the dominant transplanted
coral genus Pocillopora. This genus included brooding species with larvae that can set-
tle very close to parental colonies (Gorospe and Karl 2013). Second, the transplanted
site attracts more coral larvae from elsewhere due to an increase in settlement cues.
The transplanted site has an area three times larger than the two control sites (Figure
1), high species diversity and coral cover. These conditions may offer more available
space and signal more favorable settlement, survival and growth conditions to incom-
ing coral larvae (Kingsford et al. 2002; Sponaugle et al. 2002; Vermeij 2005; Edwards
and Gomez 2007; Suzuki et al. 2008; Nakamura and Sakai 2009; Dixson et al. 2014)
compared to the healthy and degraded sites. The higher recruitment of acroporids at
the healthy site and of pocilloporids at the transplanted site - where their respective
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coral cover (Figure 1) and adult densities are higher (Frias-Torres et al. unpublished
data) — also add support to this statement. The lower number of total recruits at the
healthy site, where coral structure is better, may be explained by an increase in recruit
mortality from fish predation and grazing (O’Leary and Potts 2011) due to having a
more diverse fish community than the two other sites (Frias-Torres et al. unpublished
data). Further, a positive relationship between adult cover and recruitment rates (spat
tile!) was found for pocilloporids in the Inner Seychelles (Chong-Seng et al. 2014).
Enhanced settlement cues at the transplanted site due to the large-scale nature of the
restoration project explain the overall higher number of coral spat and the higher num-
ber of spat from non-transplanted families compared to the degraded site. Third, both
self-recruitment and attraction from elsewhere increased overall recruitment at the
transplanted site. Such interaction of self-recruitment and attraction to increase coral
recruitment has been suggested at a previous coral restoration study in Kenya (Mbije
et al. 2013). We suggest future research could use techniques to identify immigrant
and locally produced spat (e.g. assignment tests, Broquet and Petit 2009) to determine
the real effect coral transplants have in local seeding or larval attraction from elsewhere.

Coral juveniles were assessed over a 2-year period that included sampling before
and after coral transplantation. Total juvenile density and that of the three taxa exam-
ined was highest at the healthy site, intermediate at the transplanted site and lowest
at the degraded site. Juvenile density at the transplanted site was consistently high-
er than the degraded site: between 1.1 (Acroporidae) to 1.9 (Pocilloporidae) times
higher. Structural complexity is related to higher recovery rates due to enhanced re-
cruit survival (e.g. indirectly reduces competition with algae and erosion by urchins or
loose rubble; Graham and Nash 2013). This explains the higher recruit density at the
healthy site (high structural complexity) compared to the transplanted site (medium
structural complexity) and the higher juvenile density of the healthy and transplanted
sites compared to the degraded site (low structural complexity; Jorgensen et al 2015).
Similar results were obtained when comparing coral recruitment between high-, in-
termediate-, and low-quality zones in Florida (Vermeij 2005). Alternatively, natural
recovery of the reefs in the inner Seychelles is ongoing (see Graham et al 2015) and the
healthy site compared to the other two sites is leading the way as it is an “older” reef
which has been accumulating small corals for longer. Nevertheless, coral transplanta-
tion may help in accelerating natural recovery of a degraded reef by improving its
structural complexity. This will explain the differences in the number of coral juveniles
between the transplanted and degraded sites, and the steady uptrend in the density of
coral juveniles at the transplanted site over the sampling period when compared to
the other two sites. Therefore, physical (e.g. varying sizes and growth forms of coral
transplants on sites) and biological (e.g. including fish, snails and any other reef or-
ganism known to help coral recruit survival) complexity should be promoted in reef
restoration projects to enhance the survival of settlers (Biggs 2013). In addition, in
future studies it would be valuable to include a measure of complexity (e.g. rugosity)
to evaluate coral settlement and recruitment on transplanted sites with varying levels
of structural complexity.
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The healthy-degraded-transplanted site cluster lacks replication at multiple loca-
tions and multiple times which limits the generalization of our results (Underwood
1993). Therefore, other alternative explanations to our results should be considered.
One alternative is that the differences observed in coral settlement and recruitment
among the sites existed prior to coral transplantation. A second alternative to consider
is differential larval supply to the three sites. Although the sites are part of a single
fringing reef, the healthy and transplanted sites are located at opposite ends of the reef
which could result in differences in connectivity to source reefs. We found these two
alternatives unlikely because there were similar estimates of coral spat between the two
reference sites and there were similar number of juveniles between the transplanted
and degraded sites before transplantation. In addition, coral juveniles at the transplant-
ed site showed a constant uptrend in contrast to the up- and downtrend seen at the
healthy and degraded sites (Figure 3). Finally, spatial variation in coral settlement and
recruitment in the inner Seychelles has not been linked to differences in larval supply,
which results in similar rates of coral settlement between reefs of different habitat qual-
ity (Chong-Seng et al. 2014). The lack of replication in our study hinders our ability
to rule out completely all alternative explanations. We found the most parsimonious
interpretation is that the transplantation of nursery-grown corals onto the degraded
site resulted either in the attraction or the production (or both) of more coral larvae
than the two control sites (healthy and degraded), with a higher chance of survival of
settled corals at the transplanted site than at the degraded site. Even with its limita-
tions, this study shows that the large-scale coral restoration effort in Seychelles assisted
the natural recovery of the transplanted reef.

Odur results are consistent with conclusions and best practices outlined in previous
studies of coral reef restoration for species selection and transplant substrate. The use
of brooding species in reef restoration projects is seen as a particularly effective form
of transplantation (Rinkevich 1995; Edwards and Clark 1999). Our high spat density
from the dominant transplanted family, Pocilloporidae, supports this. We cemented
coral transplants directly onto denuded reef areas without the use of artificial structures,
which allowed corals to self-attach 1-2 months post-cementing. Such technique may
have increased survival of coral transplants, which further enhanced coral settlement
and recruitment. Similar results were obtained by Mbije et al (2013) in Tanzania when
transplanting corals onto denuded reefs without the use of artificial structures. Artificial
structures in reef restoration projects increase transplant mortality due to their instabili-
ty and the shorter lifespan of the structure (Clark and Edwards 1995; Ferse et al. 2013),
and decrease abundance and diversity of coral recruits at restoration sites (Biggs 2013).

The effects of project size, duration and location should also be considered. In-
creasing the size of the transplanted area and expanding the monitoring time are re-
quired to observe any positive effects of active reef restoration (Edwards and Gomez
2007; Normile 2009). The number of corals and size of area transplanted make our
project the largest reef restoration effort completed to date (Clark and Edwards 1995
Ferse etal. 2013; Mbije et al. 2013). An upward trend in coral recruitment was evident
in our study with modeled coefficients of time effects consistently higher 24 months
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after transplantation. Similar results were observed by Ferse et al. (2013) 14 months
after transplantation in Sulawesi, Indonesia, for settlement of Acroporidae and Pocil-
loporidae. It is possible that previous projects were too small to cause a positive influ-
ence on coral recruitment, or the monitoring time period was too short to observe any
effects. Project location is critical to detect the signal of increased coral settlement and
recruitment. Our project was carried out within a no-take marine reserve where hu-
man stressors that can interfere with natural reef recovery were controlled. Therefore,
our results support the application of large-scale, science-based coral reef restoration
projects with at least a three year monitoring time-scale to assist the recovery of dam-
aged reefs within protected areas.

Our approach confirmed the hypothesis that scleractinian coral recruitment and
juveniles will be higher at the transplanted site than at the degraded site. As coral reefs
continue to degrade, it is imperative that we understand how active reef restoration
impacts natural reef recovery. We have shown coral transplantation with colonies large
enough to be reproductive results in higher structural complexity, self-recruitment and
recruitment of non-transplanted species. These results confirm coral reef restoration
can be sustainable in the long-term. Enhanced natural coral settlement and recruit-
ment resulting from coral transplantation holds great promise for the success and long-
term sustainability of large-scale coral reef restoration, at least for those projects aimed
at assisting the recovery of naturally degraded reefs in the Seychelles.
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