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initiates reef recovery using
various artificial reef designs
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Monitoring of reef restoration efforts and artificial reefs (ARs) has typically been
limited to coral fragment survival, hampering evaluation of broader objectives
such as ecosystem recovery. This study aimed to determine to what extent AR
design influences the ecological recovery of restored reefs by monitoring
outplanted coral fragments, benthic cover, coral recruitment and fish and
invertebrate communities for two years. Four AR designs (16 m?), unrestored
controls and natural reef patches as reference (n = 10) were established in
Mkwiro, Kenya. ARs consisted either of concrete disks with bottles, layered
concrete disks, metal cages or a combination thereof. A mixture of 18
branching coral species (mainly Acropora spp.) was outplanted on ARs at a
density of 7 corals m™. After two years, 60% of all outplanted fragments had
survived, already resulting in coral cover on most ARs comparable (though
Acropora-dominated) to reference patches. Coral survival differed between
ARs, with highest survival on cages due to the absence of crown-of-thorns sea
star predation on this design. In total, 32 coral genera recruited on ARs and
recruit densities were highest on reference patches, moderate on concrete ARs
and low on cages. ARs and reference patches featured nearly twice the fish
species richness and around an order of magnitude higher fish abundance and
biomass compared to control patches. Fish abundance and biomass strongly
correlated with coral cover on ARs. AR, reference and control patches all had
distinct fish species compositions, but AR and reference patches were similar in
terms of trophic structure of their fish communities. Motile invertebrates
including gastropods, sea urchins, sea cucumbers and sea stars were present
at ARs, but generally more abundant and diverse at natural reference patches.
Taken together, all studied ecological parameters progressed towards reef
ecosystem recovery, with varying influences of AR design and material. We
recommend a combination of metal cages and layered concrete ARs to promote
high fragment survival as well as natural coral recruitment. Ultimately, a longer
period of monitoring is needed to fully determine the effectiveness reef
restoration as conservation tool to support coral reef ecosystem recovery.
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Acropora, coral gardening, coral predation, coral recruitment, fish community,
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Introduction

Coral reefs have been deteriorating worldwide due to local
human impacts such as overfishing and pollution (Burke et al,
2011) and declines are rapidly worsening with climate change
(Heron et al.,, 2017). In the Western Indian Ocean, coral reefs and
coastal communities are especially vulnerable due to the high
dependence and utilization of reefs by people for their livelihoods,
including artisanal fishing and tourism (Obura et al,, 2022). Reef
managers — unable to influence climate change - aim to strengthen
reef resilience locally to reduce impacts of large-scale disturbances
beyond their control (Nystrom et al., 2008; Anthony et al.,, 2011;
Graham et al., 2013; Anthony et al., 2015). In addition to the crucial
reduction of local threats (Anthony et al., 2017; Mcleod et al., 2019),
active interventions such as restoration of damaged and
deteriorated reefs are now deemed necessary to reverse the
ongoing loss of biodiversity and reef resilience (Suding et al,
2015; Rinkevich, 2019; Duarte et al., 2020). Alongside with
climate action on an international level, such active local reef
management might give reefs a better chance to resist or recover
from disturbances whilst providing crucial ecosystem services and
buying time for coral adaptation to increasing temperatures (Hein
et al., 2020b; Knowlton et al., 2021).

A commonly used and recommended method for reef
restoration is the two-phase coral gardening approach in which
coral fragments are first cultured in nurseries and then outplanted
onto degraded reefs or artificial reef (AR) structures (Rinkevich,
1995). The nursery phase of coral gardening has been well
established: high coral growth rates (Lirman et al, 2010) in
combination with low costs (Levy et al., 2010) have made this an
effective way to generate considerable coral stock, especially when
integrated with natural processes such as herbivory to maintain
coral health (Frias-Torres and Van de Geer, 2015; Knoester et al.,
2019). The outplanting phase remains more costly and is not always
successful in effectively increasing coral cover (Omori, 2019),
partially due to ineffective AR design (Hylkema et al, 2021;
Higgins et al,, 2022) and a lack of understanding of ecological
processes that determine coral survival such as coral predation and
competition among benthic species (Ladd and Shantz, 2020).
Although it is the ambition to substantially upscale restoration
efforts (Vaughan, 2021), scientifically documented projects are
currently still both small in size and high in costs (Bayraktarov
et al., 2016; Bayraktarov et al., 2019). Furthermore, projects often
(cl)aim to restore ecosystem functionality and ecosystem services,
but monitoring generally lacks clear aims and mostly tracks item-
based successes such as outplanted coral fragment survival
(Bostrom-Einarsson et al., 2020; Hein et al, 2020b). Improved
monitoring is needed to evaluate both AR design as well as the
broader ecosystem impact of reef restoration as this could create the
scientific credibility needed to further upscale restoration efforts
(Abelson et al., 2020).

Traditionally, ARs have been widely used to exploit rather than
restore marine ecosystems (Higgins et al., 2022). AR monitoring
studies have therefore mainly focused on optimizing fisheries yields
for a select group of commercial species by adjusting the design, site
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selection and management of ARs (Bohnsack and Sutherland, 1985;
Baine, 2001). Studies that include the development of the whole reef
community around ARs in comparison to natural reference reefs are
needed to evaluate ecosystem restoration success, however such
studies remain scarce (Carr and Hixon, 1997; Ceccarelli et al., 2020;
Hylkema et al., 2021). Nonetheless, structural complexity has been
identified as a driving factor supporting fish and invertebrate
communities on both natural reefs (Graham and Nash, 2013) and
ARs of different design (Baine, 2001; Hunter and Sayer, 2009). In
return, accommodated reef communities can facilitate reef
restoration by providing ecological functions such as herbivory or
top-down control of coral predators that benefit coral survival and
growth (Ladd and Shantz, 2020). Thus, monitoring how the
development of ecological communities is influenced by AR design
and complexity has the potential to improve the cost-effectiveness of
reef restoration by evaluating to what extent critical ecological
processes are re-established that drive ecosystem recovery
(Horoszowski-fridman and Rinkevich, 2016). Since most reef
restoration projects intend to initiate reef recovery (not to rebuild
the entire reef) by using pioneer coral species such as branching
Acropora spp., key indicators of a functional ecosystem need to be
monitored including benthic cover, coral diversity, coral recruitment
and the fish and invertebrate community (Bostrom-Einarsson et al.,
20205 Ferse et al., 2021). Ultimately, monitoring at the relevant
ecological scales (as opposed to item-based monitoring) allows for
the appropriate evaluation of the central restoration goal of re-
establishing self-sustaining reefs (Hein et al., 2020b; Ferse et al., 2021).

To restore a self-sustaining coral reef ecosystem that ultimately
provides ecosystems services, ecological recovery on three levels is
required (NASEM, 2018): individual coral colonies (survival and
growth), coral population (reproduction and recruitment) and reef
community (functional diversity). This study evaluated whether the
outplanting of pioneer coral species onto ARs could initiate
recovery on these three levels and to what extent recovery is
influenced by AR design (Figure 1). Detailed benthic and fish
surveys were performed on four different types of AR patches of
increasing structural complexity, unrestored control patches and
natural reference reefs over a period of two years to answer three
research questions (RQs). RQ1: How does AR design influence the
extent to which outplanted corals survive and grow sufficiently to
establish themselves and outperform benthic competitors? RQ2:
How does AR design affect coral recruitment? RQ3: How do the
community composition and ecological functionalities of fish and
invertebrates that develop on different AR designs compare to those
communities on surrounding natural reefs? We expected to
observe: 1) Differences between growth and survival of corals
among ARs due to the impact of AR design on associating reef
communities such as benthic competitors, coral predators and
herbivores; 2) Intermediate coral recruitment on ARs compared
to control and references reef patches due to the addition of
moderately complex substrate, with further specific differences
between ARs due to design, materials and associated
communities; 3) Early stage ARs supporting the establishment of
a moderately diverse fish and invertebrate community, with
diversity of species and dietary guilds increasing with increasing
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FIGURE 1

Schematic overview of the study, research questions (RQs) and wider socio-ecological setting. Growth and survival of hard corals outplanted onto
artificial reefs (ARs) was evaluated and compared to benthic competitors (RQ1). The effect of AR design on coral recruitment was monitored (RQ2).
The development of fish and invertebrate communities and their functions on different AR designs was compared (RQ3). A functional fish
community can graze on benthic competitors, predate on invertebrates and predate on corals. A functional motile invertebrate community can also
graze on benthic competitors and impact coral through predation. Both the fish and invertebrate community can also support ecosystem services

such as artisanal fishing and tourism. Artwork by Vrijlansier.

complexity of AR designs (see Table Sl in the Supplementary
Materials for more details).

Methods
Area description
The study area (-4.659, 39.381) covered a 1.6-km stretch of

coastline between the villages of Mkwiro and Wasini on the north
coast of Wasini Island, Kenya (Figure 2A). A kilometre-wide sea
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strait separated the study area from a headland of the Kenyan
mainland featuring the central village Shimoni. Extensive mangrove
forests surrounding two river mouths envelope both sides of the
headland. The sea strait is subjected to semi-diurnal tides that cause
differences in seawater surface levels of up to 4 m. Due to this
specific combination of environmental settings, the study area
experienced moderately strong currents, relatively low visibility
(8 m yearly average) and moderate wave exposure (max
significant wave height of ~1.5 m during the NE monsoon).
Long-term average sea surface temperature range from 25°C in
August to 29°C in April (NOAA, 2022). During the study period,
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(A) Map of the study area (insets showing position within Kenya) and representative pictures of the six treatment patches two years after starting the
experiment: (B) Bottle patch consisting of 16 bottle modules, (C) Cage patch consisting of 4 metal cages, (D) Cake patch consisting of 8 layered cakes,
(E) Compound patch consisting of 4 bottle modules, 1 metal cage and 2 layered cakes, (F) Control patch that was not restored and (G) Reference reefs
that retained natural structural complexity. Each coloured point on the map represents a patch (n = 10 per treatment) and matches with the treatment
colour. The black point indicates the coral nursery. The land marker of Pilli Pipa Restaurant (also known as Panga Tatu) is indicated, as are the directions

of the nearby villages of Mkwiro and Wasini.

however, water temperatures peaked above 30°C in April 2019 and
again in April 2020, culminating in a temperature stress of
respectively 6 and 10 degree heating weeks in those two years
(Liu et al., 2006).

Natural coral reefs in the study area were limited to a narrow
strip (2 to 5 m depth at low tide) of discontinuous patches
interspersed with extensive fields of unconsolidated rubble, which
were occasionally overgrown by sheets of soft coral. Seagrass and
macroalgae typically formed dense canopies in shallower water,
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whereas a diverse assemblage of soft corals and sponges covered the
sandy slope into deeper water. The patch reefs had moderately high
and diverse coral cover, with remaining hard substrate largely
covered by macroalgae and sessile invertebrates such as sponges,
hydroids, soft corals and tunicates. Encrusting and (sub)massive
hard corals prevailed, but extensive heaps of rubble indicated that
branching corals and especially Acropora spp. once were more
common. Throughout the region, Acropora populations had been
dominant (McClanahan et al., 1999) until diminished by the severe
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1998 temperature anomaly (McClanahan et al, 2001). Acropora
and other temperature-sensitive genera have not recovered since
(McClanahan, 2014). Recovery of these predominantly branching
and delicate corals is further hampered by ongoing destructive
fishing practices such as the use of beach seines (Samoilys
et al., 2017).

Study context: Reef restoration in Mkwiro

The study area falls within the waters of Mkwiro village, which
is heavily dependent on its marine resources for fishing and,
increasingly, tourism (Arthurton and Korateng, 2006). To
promote community participation in the sustainable management
of marine resources, Mkwiro Beach Management Unit (BMU) was
established in 2007 as a local fishery stakeholder association under
the State Department of Fisheries (Kawaka et al., 2017). In 2018,
Mkwiro BMU started a collaboration with the REEFolution
Foundation (the Netherlands) to improve the status of their reefs.
The REEFolution Foundation, currently represented by an
independent Kenyan branch named REEFolution Trust, aims to
train and educate coastal communities to restore and protect their
coral reefs and thereby safeguard local livelihoods. The
REEFolution Trust collaborates with Wageningen University and
Research (WUR) to develop scientifically validated and effective
restoration methods. A co-management plan was drafted in which
restoration and protection of a protected community managed area
(CMA) for Mkwiro were proposed. Implementation of the co-
management plan started in 2019 with the training of community
members and students, coral gardening activities and demarcation
of the Mkwiro CMA, though enforcement of the no-take zone has
been largely lacking. As part of this collaboration between Mkwiro
BMU, REEFolution Foundation, REEFolution Trust and WUR, the
current experiment was set up under research license NACOSTI/P/
21/8896.

Experimental setup

A total of 40 AR patches were deployed and filled with coral
fragments between April and November 2019. Each AR patch
covered approximately 16 m?, resulting in a total restored reef
areal dimension (sensu Goergen et al, 2020) of 640 m> Four
different types of AR patches were created (n = 10): Bottle
patches, Cage patches, Cake patches and Compound patches
combining all AR types (Figures 2B-E). In addition, 10 rubble
fields were left unrestored as Control patches (Figure 2F) and 10
natural reef patches that retained moderate structural complexity
were chosen as Reference patches (Figure 2G). The AR patches were
separated by at least 50 m from the Control and Reference patches
(Figure 2A). The distance (measured from edge to edge) between
adjacent AR patches was 12 + 5 m (mean * SD) and the distance
between AR patches and any nearest natural reef structure was 14 +
5 m. The distance between Control patches and natural reef was 13
+ 6 m. The depth of control patches (8 + 2 m) and AR patches (8 +
1 m) was greater than for Reference patches (5 £ 1 m). The Control
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and AR patches were positioned slightly deeper for two reasons: 1)
natural reef patches were smaller (< 16 m?) and spaced more widely
in deeper waters, leaving extensive fields of rubble where deployed
AR patches could be considered independent of each other and the
natural reef and 2) it was expected that deeper restored patches
would be less impacted by temperature anomalies, benefitting the
long-term objectives of the ongoing restoration project. Details on
the exact placement of each patch can be found in the
Supplementary Materials, Table S2.

The following modules were used to build each AR patch: Bottle
patch (16 bottle modules), Cage patch (4 cages), Cake patch (8
layered cakes) and Compound patch (4 bottle modules, 1 cage and 2
layered cakes). A bottle module consisted of a concrete disk with
about eight glass bottles (Figure 2B). A cage was made of metal and
consisted of three vertical crossbows and four horizontal rings
(Figure 2C). A layered cake consisted of four concrete disks, each
separated from the next by PVC pipes and held together by a central
PVC pipe (Figure 2D). Details on exact dimensions of modules can
be found in Table S3. Coral fragments (10 — 15 cm length) were
attached using tie-wraps (4.8 x 300 mm) to bottle necks, metal
intersections on cages and PPR (plastic) pins that were embedded in
both the top and third layer of cakes. Coral fragments were sourced
from coral nursery trees (Nedimyer et al., 2011) in the study area
(Figure 2A), which had been filled with naturally broken coral
fragments (corals of opportunity) one year earlier. Coral species
have not been confirmed, but a presumed 19 branching species of
five genera have been outplanted: 12 Acropora spp., 2 Millepora
spp., 2 Pocillopora spp., 1 Porites sp. and 2 Stylophora spp. Since
fragments were collected as corals of opportunity, a high genotypic
diversity is expected, but this remains unconfirmed. An outplanting
density of 7 corals m™ was realized at the start of monitoring,
totalling to 4256 outplanted fragments (3580 Acropora spp., 201
Millepora spp., 107 Pocillopora spp., 145 Porites sp. and 223
Stylophora spp.). Species were haphazardly outplanted on AR
patches. After outplanting, no maintenance (e.g. predator or
fouling removal) was performed.

Monitoring

To monitor the survival of outplanted fragments, all AR
modules were photographed at the start (Dec 2019) and near the
end of the study (Dec 2021). Throughout the study, AR patches
were visited at least quarterly to identify recent or ongoing causes of
coral mortality. For example, the presence of crown of thorns sea
stars (CoTS; Acanthaster sp.), Drupella sp. snails, sea turtles and
fishing line would inform the likely cause of mortality or
detachment, and these would often also leave characteristic marks
behind (Figure S1). Benthic surveys were performed just after the
start (Feb — Mar 2020) and at the end of the study (Feb - Mar 2022)
to monitor benthic cover and motile invertebrates. To avoid
sampling excessive amounts of rubble around the small AR
patches, two perpendicular 5-m point intercept lines were used
(crossing in the middle). This approach was used to monitor all AR,
Control and Reference patches. The lines were sampled every
0.25 m and benthic cover divided into the following categories:
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hard coral to genus level (including the reef-building hydrozoan
Millepora), soft coral, macroalgae (fleshy algae > 1 cm), hard
substrate (including bare substrate, crustose coralline algae and
turf algae < 1 cm), soft substrate (rubble, sand and seagrass) and
other (mainly sponges, tunicates and hydroids). Motile
invertebrates were sampled in a circle around the intersecting
survey lines, with the radius depending on the size of the
invertebrates: corallivorous snails (Drupella spp. and Coralliophila
spp.) were counted within a 2.5-m radius (i.e. sampling area of 20
mz), sea urchins were identified and counted within a 3.6-m radius
(40 mz) and larger invertebrates such as sea cucumbers, sea stars,
large (> 5 cm) gastropods, octopus and lobsters were identified and
counted within a 5.6-m radius (100 m?). Each patch was surveyed
once in 2022, but due to COVID-19 fewer patches were sampled in
2020. At the end of the study (Mar 2022), coral recruits (1 - 10 cm
diameter) were counted and identified to genus level where possible.
At AR patches, coral recruits on each AR module were counted, the
material type noted (glass, concrete, iron, PPR or PVC) and for
recruits on concrete the orientation (horizontal or vertical) was
noted as well. At each Control and Reference patch, coral recruits
were sampled within 16 replicate 1 m* quadrats.

Fish surveys were performed just after the start (Feb - Mar
2020) and at the end of the study (Dec 2021 - Mar 2022). A
stationary fish census with standard 5-min initial sampling period
was used to quantify the composition and abundance of all diurnal
(surveys were performed between 0800 h and 1400 h), non-cryptic
fish (Bohnsack and Bannerot, 1986). The radius of the fish census
was typically 7.5 m, but lower when visibility was below average (to
a minimum radius of 6 m). Surveys were performed about two
meters distance from AR patches, and the large radius was chosen
so that wary fish could be observed as well. Fish sizes (fork length)
were estimated in classes of 5 cm for fishes smaller than 20 cm, in
10-cm size classes up to 50 cm and in 50-cm bins for larger fishes
(i.e. trumpetfishes, cornetfishes and morays), so that fish biomasses
(kg ha™) could be estimated using known length-weight relations
and the midpoint of each size class (Froese and Pauly, 2015). At
each of the 60 patches, two to three fish surveys were performed in
2022, but not all patches were sampled in 2020 due to COVID-19
disruptions. Control and Reference patches had also been also
surveyed in Apr - Jun 2019, before large-scale deployment of AR
patches started. Surveys were performed by various observers, but
always trained and tested by EGK on species identification and size
estimation. A number of surveys were conducted by two observers
(EGK and JJR) simultaneously on the same patch and comparisons
did not show significant differences in observed fish richness,
abundance or biomass.

Analyses

All analyses were performed in R (R Core Team, 2020). The
comparison of fragment survival between AR patches included only
the genus Acropora (representing 84% of outplanted fragments) due
to the unequal distribution of the other genera among patches.
Fragment survival was averaged per patch and compared between
the four AR patch types using a generalized linear model with beta
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distribution from the betareg package (Cribari-Neto and Zeileis,
2010), thereby accounting for the proportional nature of the
survival data. Model assumptions were validated by visual
inspection of residual plots. A Wald Chi-Squared Test from the
car package (Fox and Weisberg, 2018) was used to determine
significance, and pairwise comparisons with Tukey adjustments
were made using the emmeans package (Lenth, 2020). Putative
causes of fragments mortality were summarized descriptively per
AR patch type and per coral genus.

Coral recruits were summed per patch and divided by the
projected area (i.e. 16 m?) to determine recruit density. Recruit
density was log-transformed and compared between all six
treatment patches with a linear model using the nlme package
(DebRoy, 2006). Checking model assumptions and performing
significance tests were implemented as outlined above. Genus-
specific recruit densities were summarized descriptively. For AR
patches specifically, recruit densities were explored further by
material type and orientation. To get material-specific recruit
densities, recruits were summed per material type and divided by
the respective materials’ surface area per patch. For orientation-
specific recruit densities the same procedure was repeated, but only
concrete was sampled due its clear horizontal — vertical distinction.
In addition, these results were further split by coral genus. As
surface area and replicate numbers varied substantially for material
type and orientation, these results are presented descriptively only.

Hard coral cover was compared between the six treatment
patches using a generalized linear model with beta distribution as
described above. Hard coral genera were summarized descriptively,
as were data on other benthic categories. Given the similar patterns
across years but limited number of replicates for 2020 and
associated model convergence issues, the focus has been put on
the more recent and complete 2022 data. Densities of motile
invertebrates were all square-root transformed and compared
between treatment patches using linear models of the nlme
package as described above. The richness within each group was
presented descriptively on either genus or family level. Due to their
limited numbers found across all surveys, octopuses (9) and lobsters
(5) were not included in the analysis. To explore the association
between coral cover and recruit densities, a Pearson correlation was
performed using AR module averages.

Fish communities were compared between treatment patches
on three parameters: species richness, abundance and biomass. As
for benthic communities, the focus has been put on the final 2022
data. Surveys performed simultaneously by two observers at the
same patch were averaged. Silversides (Atherinomorus spp.) were
excluded due to their highly variable abundance. Depth and
distance to nearest AR or natural reef patch were evaluated as
covariates in model selection based on Akaike’s Information
Criterion (AIC) using a threshold of AAIC > 6 (Fox et al., 2015).
For all three parameters, mixed-effects linear models were fitted
using the Ime4 package (Bates et al., 2015) with patch as random
factor to account for non-independence of repeated surveys.
Abundance and biomass were log-transformed and checking
assumptions and performing significance tests were implemented
as outlined for the models described above. The procedures were
repeated for survey-area corrected abundance and biomass data: to
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get an estimate of how much fish there could be if the entire
surveyed area had been restored, abundance and biomass values
were divided by patch size (i.e. 16 m?) instead of the whole survey
area (177 m?). Furthermore, for Control and Reference patches, the
effect of year (2019, 2020 and 2022) on all three (uncorrected)
parameters was compared using the mixed-effects linear model
approach just described. Pearson correlation tests between average
AR patch hard coral cover against fish species richness, abundance
and biomass were performed. Lastly, fish community composition
was compared between and within treatment patches using Bray-
Curtis dissimilarity matrices based on average fish biomass per
patch on both species and dietary guild level, following Morais &
Bellwood (2020) for diet categories. Community differences were
statistically evaluated using multivariate permutation tests
(PERMANOVA) with Bonferroni adjustment and visually
presented with non-metric multidimensional scaling (NMDS)
plots using the vegan package (Oksanen et al.,, 2022).

Results

Benthic cover, fragment survival and
coral recruitment

Hard coral cover was largely similar across AR patches at the
start of the study (averaging 19%) and differences appeared over

10.3389/fmars.2023.1152106

time (Figure 3). Reductions or increases in hard coral cover on AR
patches were frequently mirrored by reciprocal increases or
reductions in soft coral cover (mainly Cespitularia spp. and
Rhytisma sp.), whereas macroalgae (mainly Dictyota sp. and
Sargassum spp.) were only commonly seen at Reference patches
(Figure 3). Benthic cover on Control and Reference patches
remained largely unchanged throughout the study (Figure 3). At
the end of the 2-year study, hard coral cover differed significantly
between the six treatment patches (Figure 4; X2 =373.43,df =5, p<
0.001). Control patches remained devoid of hard coral (1%),
whereas Cake (18%), Cage (32%) and Compound patches (29%)
featured moderately high coral cover, comparable to Reference
patches (26%); Bottle patches featured intermediate and therefore
rather low coral cover (9%). Genus-level coral richness differed
greatly between treatments (Figure 4): all AR patches were
dominated almost exclusively by Acropora (though Cake patches
featured several additional genera at low cover), whereas Reference
patches showed a moderately diverse assemblage of genera (with
very limited Acropora cover).

Of all 4256 outplanted coral fragments, 2552 remained alive for
two years (60%), 1300 died (31%) and 404 were dislodged (9%).
Survival of Acropora fragments differed significantly between AR
patches (X° = 15.35, df = 3, p = 0.0015) and was higher on Cage and
Compound patches compared to Bottle patches, with intermediate
results for Cakes (Figure 5). Across all fragments and genera. CoTS
were chiefly responsible for predation mortality (14% of outplanted
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FIGURE 3

Percentage benthic cover (A) a few months and (B) two years after deployment of artificial reef patches, compared to unrestored Control patches and
natural Reference reefs (n = 3 — 10 for 2020; n = 10 for 2022). Benthic substrate was divided into the following groups: Soft substrate (including sand,
rubble and seagrass), Hard substrate (including bare rock and rocky substrate covered by crustose coralline algae or turf algae < 1 cm), Macroalgae
(fleshy algae > 1 cm), Soft coral, Hard coral and the group Other including rarer sessile invertebrates such as sponges, tunicates and hydroids.
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Percentage hard coral cover (including the hydrozoan Millepora) on artificial reef patches two years after deployment, unrestored Control patches
and natural Reference patches. Error bars denote SE (n = 10) and treatments not sharing lowercase letters differ significantly (p < 0.05). Colours
represent coral genera, split between branching corals and other growth forms.
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FIGURE 5

Survival of Acropora spp. coral fragments (N = 3580 fragments) two years after outplanting onto four different types of artificial reef patches (n = 10
per treatment). The percentage of surviving fragments are outlined in black with SE noted by error bars. Patches not sharing lowercase letter differ
significantly (p < 0.05) in percentage of surviving fragments. The remainder of fragments did not survive and their putative mortality causes have
been indicated: bleaching (mortality due to above-average water temperatures), fishing (detachment due to entanglement in fishing gear), turtle
(detachment due to interaction with sea turtles), competition (mortality due to competing benthic organisms such as tunicates, sponges and soft
coral), predation (consumption by Acanthaster sp. sea stars or Drupella spp. snails) or unknown cause of death.

fragments), with the remainder of predation mortality caused by
Drupella spp. (1%). Other mortality causes included: dislodgement
due to turtles (Eretmochelys imbricata and Chelonia mydas)
scraping their carapace (5%), detachment after entanglement with
fishing gear (4%) and benthic competition with neighbouring hard

Frontiers in Marine Science

corals, sponges, tunicates or soft corals (2%). Bleaching caused the
demise of 2% of coral fragments. For the remainder of dead coral
fragments (10%), no clear cause could be identified; no symptoms of
diseases were observed throughout the study. Identified mortality
causes for Acropora were distinct between AR patches (Figure 5):
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predation caused substantial losses at all patches except Cages,
which suffered more from detachment by fishing gear. Only Bottle
patches suffered substantial dislodgement by sea turtles. Clear
differences could also be observed between coral genera, both in
terms of survival and mortality causes (Figure S2). Across all
patches, survival was highest for Millepora spp. (85%) and
Acropora spp. (64%), with much lower survival for Stylophora
spp. (29%), Pocillopora spp. (16%) and Porites sp. (12%). All
genera except Millepora suffered from predation, Acropora and
Millepora suffered relatively little from competition, only
Pocillopora was impacted by bleaching and for Porites the
mortality causes remained largely unknown (Figure S2).

Hard coral recruit density differed significantly between the six
treatment patches (X2 =148.62, df = 5, p < 0.001). Recruit density
was very low at both Control (0.4 m™) and Cage patches (0.2 m™),
significantly higher at Bottle (1.8 m?), Compound (1.8 m™) and
Cake patches (2.9 m™>) and highest at Reference patches (4.8 m?
Figure 6); differences between Cake and Reference patches were not
significant. Genus-level richness of coral recruits mirrored this
pattern (Figure 6), with highest number of genera found on
Reference reefs. Recruits of Stylophora and Porites were dominant
across patches. In total, 1401 recruits were observed on the ARs.
Concrete featured both highest recruit densities (7 recruits m™
versus < 4 recruits m> on all other material types) and genus-level
richness (Figure S3). Nearly all of the 32 coral genera that settled
onto concrete preferred to settle on vertical surfaces, which typically
featured three-fold higher recruit densities than horizontal surfaces
(Figure S4). Only Porites, Coscinaraea, Leptastrea and genera from
the Merulinidae family (Favites, Dipsastraea, Cyphastrea and
Goniastrea) were found in roughly equal densities on both
orientations (Figure S4). Recruit densities were not correlated to
hard coral cover on AR modules (r = 0.025, df = 868, p = 0.46).

10.3389/fmars.2023.1152106

Fish and invertebrate communities

There were significant differences between the six treatment
patches in terms of fish species richness (X° = 47.57, df = 5, p <
0.001), fish abundance (X* = 54.90, df = 5, p < 0.001) and fish
biomass (X° = 69.46, df = 5, p < 0.001). Depth was a significant
covariate in the model for fish species richness (deeper patches
showed lower species richness: mean + SE of beta estimate -2.3 +
0.44 species m™) and therefore depth-corrected values for richness
are shown (Figure 7A). Patterns across treatment patches were
similar for all three parameters: Control patches featured
significantly lower fish species richness, abundance and biomass
than all other patches, which did not differ among each other
(Figures 7A-C). At Control patches, fish species richness (13
species) was just over half that of other patch types (21 - 24
species). Both the abundance (0.1 fish m?) and biomass (8 kg ha
') at Control patches were between five to twelvefold lower
compared to all other patch types (abundance: 0.45 - 1.2 fish
m?; biomass: 38 — 92 kg ha'). When standardized to actual area
restored (i.e. excluding the unrestored but surveyed rubble areas
surrounding the patches), all AR patches except Bottle patches
featured significantly higher abundances (three to eightfold
higher) and biomasses (two to sixfold higher) than natural
Reference reefs (Figure S5). Coral cover on AR patches was
positively correlated with fish abundance (r = 0.71, df = 38, p <
0.001) and fish biomass (r = 0.54, df = 38, p < 0.001), and a trend
was seen for species richness (r = 0.31, df = 38, p = 0.055; Figure
S6). The abundance and biomass of fish remained constant on
both Control and Reference patches before and after restoration
(Figure S7), though average fish richness increased (from 7 to 10
species on Control patches and from 19 to 27 species on
Reference patches).
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FIGURE 6

Hard coral recruit density (colonies 1 -10 cm diameter, including hydrozoan Millepora) two years after deployment at restored patches, compared to
unrestored Control patches and natural Reference reefs. Error bars denote SE (n = 10) and treatments not sharing lowercase letters differ
significantly (p < 0.05). Colours represent coral genera, split between branching corals and other growth forms.

Frontiers in Marine Science

09

frontiersin.org


https://doi.org/10.3389/fmars.2023.1152106
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Knoester et al.

10.3389/fmars.2023.1152106

A 30+
@ b 1
: b b b % b,
£ ¢ ¢ ¢ )
L 20+ i,
a °
.0 °
g 2 .
& ‘is ‘
3 104 °
[
[ ]
B 10.01
[ ]
|E .
Y b b b\' ‘b
% 1.0 b §
g L ¢
_8 i : ° L
© % L o.
F o ;
[ A4 °
L)
¢ 1000+
[ ]
‘—I"\ °
2 ‘b
o )
< 100, b b .
2 b $ ¢ y
: ¢ S
Re] i ° ¢
o)
B “a
ic 10+ °
?.
Bo|ttle Calge Calke Comr;ound Cor;trol Refell'ence
Treatment

FIGURE 7

(A) Fish species richness per survey (corrected for covariate depth), (B) Fish abundance and (C) Fish biomass two years after deployment of restored
patches, compared to unrestored Control patches and natural Reference patches. Error bars denote SE (n = 10) and treatments not sharing
lowercase letters differ significantly (p < 0.05). Coloured points indicate values for replicate patches within each treatment type.

Fish species composition was significantly different between the
six treatment patches (F = 2.77, df = 5, p < 0.001), see Table S4 for
the Bray-Curtis dissimilarity matrix. The fish community at Control
and Reference patches were different from each other (p < 0.001)
and both were different from AR patches (all p < 0.05; Figure 8A).
AR patches were similar to each other, except Bottle patches, which
differed from Cage (p = 0.011) and Compound patches (p = 0.0077),
and a significant difference between Cage and Cake patches (p =
0.024). The total number of fish species encountered was higher on
Reference patches (145 species) than Bottle (108), Cage (103), Cake
(101), Compound (113) and Control patches (72). Fish community
composition on dietary guild level also differed between treatment
patches (F = 3.49, df = 5, p < 0.001; Table S5), but now Reference
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patches were similar to all AR patches, while Control patches
remained distinct (all p < 0.01; Figure 8B). The similar dietary
guilds but different species compositions among restored and
reference patches can be highlighted by some common
planktivorous and omnivorous species such as Dascyllus
trimaculatus and Dascyllus carneus (common on AR patches)
compared to Plectroglphidodon lacrymatus and Chromis dimidiata
(common Reference patches). Control patches hosted a fish
community consisting mainly of invertivores, whereas herbivores
were more associated with both Reference and AR patches.
Predatory fish (e.g. Diagramma pictum and Lutjanus
fulviflamma) were more associated with Cage patches, though not
significantly so.
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Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis dissimilarity matrices on (A) fish species (2 dimensions, stress: 0.199) and

(B) fish dietary guild (2 dimensions, stress: 0.138). Font sizes increases with

fish abundance. Data based on 10 replicate patches of four different types

of artificial reef, unrestored Control patches and natural Reference patches (as indicated by colours). Data on the fish community was collected two
years after deployment of the artificial reef patches. Ellipses show a 99% confidence interval around the centroid for each treatment. Dietary guilds

are as follows: FisCep, fish and cephalopod predators, HerDet, herbivores/
(motile prey); InvSes, invertivores (sessile prey); Omnivr, omnivores; Plktiv,

Motile invertebrates were generally more abundant and diverse at
Reference patches compared to other patches, but patterns varied
among key invertebrate groups (Figures 9A-E). Significant
differences were found in abundances of corallivorous snails (X° =
56.52, df = 5, p < 0.001) and sea urchins (X2 =78.26,df=5,p <0.001)
between treatment patches. Both groups were significantly more
abundant at Reference patches compared to all other patches
(Figures 9A, B). In addition, highest genus richness was found on
References patches as well for these two invertebrate groups. Sea stars
showed a similar pattern (Figure 9C), but differences were not
significant. CoTS were rarely encountered, but some were seen on
Bottle patches. No clear patterns nor statistical differences were seen
for sea cucumbers (Figure 9D). Average abundance of gastropods did
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detritivores; HerMac, herbivores/macroalgivores; InvMob, invertivores
planktivores.

not differ significantly between Reference and AR patches, but family-
level richness was higher at Reference patches. In contrast, AR
patches were dominated by Cypraeidae gastropods (mainly
Cypraea tigris), which were rarely encountered on Reference patches.

Discussion

This study aimed to determine to what extent AR design
influences the recovery of restored reefs using a uniquely broad
ecological approach (Hein et al, 2020a) that monitored the
development of outplanted coral fragments, coral recruitment and
fish and invertebrate communities. Two years after their

frontiersin.org


https://doi.org/10.3389/fmars.2023.1152106
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Knoester et al.

10.3389/fmars.2023.1152106

(4]

Genus
D Drupella

B coratiiopnita

Corallivore snails (

0.75

Genus

Diadema
Echinostrephus

Sea urchins ( m‘z)

0.00

(¢}

Echinotrix
Other

OmOO

Genus

Acanthaster

100

Culcita
Linckia

a
o

Sea stars ( ha'1)

o

60

Nardoa
Other

OmEOc

Genus

30

Holothuria
Pearsonothuria

Synapta
Other

CMEC]

Sea cucumbers ( ha'1)

200

100

Gastropods ( ha’1)

Family
Conidae
Cypraeidae
Muricidae

Strombidae
Turbinellidae

Bottle

Cage

Treatment

FIGURE 9
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Densities of key motile invertebrates at artificial reef patches two years after deployment, unrestored Control patches and natural Reference patches.
Key groups shown are (A) Corallivorous snails m™, (B) Sea urchins m™, (C) Sea stars ha™, (D) Sea cucumbers ha™ and (E) Large (> 5 cm) gastropods
ha™. Error bars denote SE (n = 10) and treatments not sharing lowercase letters differ significantly (p < 0.05). No significant difference between
treatment patches were found for sea stars, sea cucumbers and large gastropods. Octopus and lobsters were rarely observed and not included here.
Shades represent genera or families that make up the invertebrate communities.

deployment, the AR patches with outplanted corals have shown
positive development towards recovery of reef ecosystem
functionality. Coral fragment survival was on par with reported
global averages (Bayraktarov et al., 2019; Bostrom-Einarsson et al.,
2020), but clearly differed between AR designs. Metal cages featured
highest fragment survival and coral cover by preventing access to
invertebrate coral predators, whereas a combination of predation by
CoTS and dislodgement by sea turtles reduced fragment survival
and increased soft coral cover on (especially low-set) concrete ARs.
In contrast, coral recruitment was negligible on metal cages mostly

Frontiers in Marine Science

due to their low surface area whereas coral recruitment was
moderately high on concrete ARs, which featured both a higher
surface area and a more suitable settlement substrate. Thus, metal
cages featured high coral cover which remained dominated by
outplanted branching corals (principally Acropora spp.), whereas
concrete ARs featuring lower coral cover showed higher potential to
increase coral diversity through natural recruitment. Fish
abundance and biomass were similar across all AR designs, and
were already after two years comparable to natural reference reefs.
Abundance and biomass of fish are even expected to surpass levels
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of reference reefs when larger areas are restored, since these
parameters already exceeded levels detected at reference reefs
when unrestored areas around AR patches were excluded from
the census counts. Fish species richness and trophic composition
were also similar between all AR designs and reference reefs, though
exact species compositions remained distinct between natural and
restored reefs. Motile invertebrate communities remained less
abundant and less diverse on AR patches and might need more
time or specific habitat to get established. Taken together, all studied
ecological parameters progressed towards reef recovery, with
unique and varying influences of AR design. We recommend reef
restoration with a combination of metal cages and layered concrete
ARs to promote high fragment survival as well as natural coral
recruitment. Further considerations on AR design, ecological
facilitation and restoration recommendations are discussed below.

AR design

AR design clearly affected the performance of outplanted coral
fragments by mediating the effects of reef organisms causing coral
predation and detachment. CoTS predation was less intense than
reported by earlier restoration studies in the region (Tamelander
et al., 2000; Mbije et al., 2013), but was still causing substantial coral
mortality on bottle and cake patches despite low observed densities
of the sea star. CoTS were not able to climb metal cages, which
explains the higher fragment survival on these ARs. Similarly,
predation by corallivorous snails can be reduced using cages,
especially when recruitment by snail larvae from the water
column is low and colonization of ARs would have to happen by
ground-dwelling adult snails (Williams et al., 2014). Coral
predation can increase hard coral diversity by selectively targeting
fast growing genera (Neudecker, 1979; Cox, 1986), but extensive
predation might also induce overgrowth of coral colonies and even
full ARs by benthic competitors such as macroalgae (Rice et al,
2019) and soft corals (Bruno et al., 2009; Norstrom et al., 2009). In
this study, fragments that died due to predation were quickly
overgrown by soft corals. This space occupation by soft corals can
prevent hard coral recruitment, succession and reef recovery
(Sammarco et al,, 1985; Norstrom et al., 2009). Remarkably, also
sea turtles hampered efforts to increase hard coral cover by
dislodging fragments when scraping the underside of their
carapaces on bottle modules. This, in combination with high
predation on the same modules, has rendered the bottle design
least successful for coral survival. Besides AR design, coral genus
was also an important determinant of fragment survival with clear
genus-specific mortality causes such as predation (Acropora and
Stylophora) and bleaching (Pocillopora). The high but unexplained
mortality of Porites sp. could possibly indicate that for this species,
larger fragment sizes could be needed for outplanting
(Seebauer, 2001).

Hard coral recruitment on concrete ARs was moderately high
and diverse compared to reference reefs and falls within the range of
regional averages of around 2 - 8 recruits m> (Obura et al., 2008;
Visram et al., 2009), highlighting the potential of ARs and reef
restoration to support key ecological processes and recovery
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towards a functional reef (Montoya-Maya et al., 2016; Hein et al.,
2020a). The finding that recruit densities on concrete approached
densities on natural reef substrates demonstrates that concrete is a
suitable substrate for coral recruitment, especially when vertically
oriented. Also, metal appears a suitable substrate for the settlement
of at least certain coral genera, but the low surface area of the cage
module resulted in low overall coral recruitment at this AR design.
Sufficiently high coral recruitment (Graham et al., 2014) and high
outplanted fragment densities (Ladd et al., 2016) can prevent shifts
to benthic competitors which could otherwise inhibit reef recovery
(Norstrom et al., 2009; Ladd et al., 2018). The absence of an
association between coral cover and recruit densities on AR
modules, though, suggests that other factors than nearby hard
corals per se are important for coral settlement and survival, such
as provision of suitable hard substrate (Hata et al., 2017).
Nonetheless, over time, outplanted corals are expected to
contribute to reproduction (Horoszowski-Fridman et al., 2011)
and local recruitment (Montoya-Maya et al., 2016). For the
moment, common recruits mainly included opportunistic
brooding genera such as Pocillopora and Stylophora and the
stress-tolerant genus Porites (sensu Darling et al,, 2012), and it
remains unclear if outplanting of once dominant competitive
species such as broadcasting Acropora will assist their recruitment
and comeback in absence of natural recovery (McClanahan et al.,
2001; McClanahan, 2008; McClanahan et al., 2014).

Contrary to our expectations, AR design did not affect the
composition of fish or invertebrate communities that developed
around the restored patches. This contrasts earlier studies, as both
AR design (Bohnsack and Sutherland, 1985; Hylkema et al., 2020)
and structural complexity (Graham and Nash, 2013) have been
shown to be determinants of fish communities (Seraphim et al.,
2020). The levels of structural complexity provided by the various
studied ARs differed in rugosity and more detailed quantification of
this structural complexity could possibly help explain the different
impacts on reef communities. Provision of fine-scale habitat and
food by corals is likely the main driver for development of fish and
invertebrate communities on these ARs, as indicated by the
association between AR coral cover and fish abundance and
biomass in this study. This suggests that hard coral cover is more
crucial for reef fish communities than artificially created structural
complexity (Coker et al., 2014; Pratchett et al., 2014). Follow-up
factorial studies that separate the effects of ARs and outplanted
corals on reef communities can help to clarify the benefits of each
restoration approach. Interestingly, fish species richness appeared
unrelated to both AR design and coral cover, implying that these
factors are less important if restoration of fish species richness is the
only goal. The difference in fish species composition between AR
patches and reference reefs is commonly observed (Higgins et al.,
2022), and likely relates to the different coral species composition
(Berumen and Pratchett, 2006) and probably additional factors
such as AR material, complexity, relative size or age (Hylkema et al.,
2021). Especially age could be an important yet largely unstudied
factor, as communities can undergo successional changes and the
studied ARs were still very young compared to natural reefs. On a
level of dietary guilds, however, the similarity between ARs and
reference reefs shows that restored fish communities can support
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similar trophic roles as natural fish communities (in agreement with
Paxton et al., 2020). The effects of AR patch size and condition of
the direct surroundings remain to be tested, but extrapolation
(Figure S5) indicates that substantial potential exists for AR patch
size to further enhance fish communities, especially in combination
with hierarchical spatial arrangement (Bohnsack et al., 1994). The
absence of clear patterns for invertebrates might relate to their
natural low abundances and high variability (McClanahan, 1989)
and comparisons and interpretation are further complicated by the
lack of data on this diverse functional group in restoration projects
(Hylkema et al., 2021; Higgins et al., 2022).

Ecological facilitation

The identified fish and invertebrate communities can improve
reef recovery when mediating ecological processes in favour of hard
cover growth and recruitment (Shaver and Silliman, 2017; Ladd et al.,
2018) and measuring these functional processes directly will
contribute to a better mechanistic understanding of coral reef
restoration ecology. For example, herbivores can prevent the
establishment of macroalgae and thereby create a competitive
advantage for corals (Hughes et al., 2007). Local herbivorous key
species such as grazing surgeonfish (Knoester et al., 2019), sea urchins
(Humphries et al., 2020) and browsing unicornfish (Knoester et al.,
2022) might indeed have controlled macroalgae on ARs in this study,
but sessile benthic invertebrates became more abundant over time
compared to natural reefs, including contentious competitors of hard
coral such as soft corals, tunicates and sponges (Stobart et al., 2005;
Bruno et al, 2009). The current grazer community around ARs
(despite high abundances of, for example, the sponge and soft-coral
eating gastropod Cypraea tigris) might not be able to provide
sufficient top down control on these often toxic sessile invertebrates
(La Barre et al., 1986; Pawlik et al., 2018), which might additionally
benefit from elevated nutrient levels in the relatively turbid study area
(Pastorok and Bilyard, 1985; Norstrom et al., 2009). Pre-emptive
space occupation by outplanting more hard corals and thereby
intensify grazing pressure on smaller areas of remaining open
substrate could help to prevent the establishment benthic
competitors, but requires outplanting corals at appropriate densities
and subsequent high fragment survival (Ladd et al., 2016). Outplant
densities used in this study appear sufficiently high to sustain coral
cover, except for the Bottle ARs that suffered high predation and
dislodgement. Quantification of these important ecological processes
can further improve reef restoration techniques.

Additional ways of ecological facilitation include control of
corallivores through predation or for example nutrient cycling by
fish (Shaver and Silliman, 2017; Ladd et al., 2018). Natural control
of coral-predating invertebrates is important to prevent pest-like
outbreaks (Rotjan and Lewis, 2008; Rice et al., 2019), especially as
restoration projects generally use coral species susceptible to
predation (Cole et al., 2008). As broad trophic roles of the fish
community in this study were similar among ARs and reference
reefs this could indicate that such functions are being re-established,
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but more detailed and empirical data on key species would be
needed to confirm this. Also, top-down control on adult CoTS was
not sufficient to prevent substantial coral predation. To maintain
sufficient coral cover on recently established ARs, reducing coral
predation directly through AR design or outplanted species
selection appears more effective than attempting to regulate
corallivore populations indirectly by facilitating their predators.
This suggestion applies in particular to larger adult corallivores,
which are less sensitive to predation (Cowan et al., 2017; Shaver
et al., 2020). Excess nutrient inputs by humans are generally
detrimental to reef functioning and could promote corallivores
(Shantz and Burkepile, 2014; Pratchett et al., 2017), but nutrient
recycling by fish communities has been shown to benefit corals on
natural reefs (Shantz et al, 2015) and might help to facilitate
recovery of degraded reefs (Ladd and Shantz, 2020). For example,
the colonization of outplanted corals by planktivorous damselfish
can be expected to enhance coupling of pelagic nutrients to restored
reefs (Seraphim et al., 2020) and schooling predatory fish can create
nutrient hotspots (Shantz et al., 2015). A better understanding of
such processes could further improve reef restoration effectiveness
(Shaver and Silliman, 2017; Ladd et al., 2018).

Methodological considerations

This study provides a more holistic evaluation of reef ecosystem
restoration performance than item-based monitoring only
(Bayraktarov et al., 2019; Abelson et al., 2020). For future work,
three further methodological improvements are recommended.
Firstly, two years is a short time in ecology and this study
therefore only represents the early successional stage of reef
recovery, although longer than most reef restoration studies
(Bayraktarov et al., 2016). Over time, when coral recruits grow,
outplanted corals become fertile and benthic cover further increases
complexity, AR communities are expected to become more diverse
and resemble natural reefs more closely (Thanner et al., 2006), while
likely still remaining distinct (Hylkema et al., 2021). Long term
monitoring (> 5 - 10 years) will therefore be vital to track
succession (Hein et al., 2020b), understand ecological interactions
(Seraphim et al., 2020) and ensure functional reefs which continue
to provide ecosystem services (Abelson et al, 2020; Hein et al,
2021). Secondly, the long-standing debate on relative contributions
of attraction versus production of fish and invertebrates around ARs
needs to be clarified (Pickering and Whitmarsh, 1997), especially if
the restoration goal is to support sustainable exploitation (Lima
et al,, 2019; Hylkema et al,, 2021). On the studied ARs, the high
abundance of damselfish species not regularly encountered on
nearby reefs indicate that local production of these small
planktivorous fishes is likely, which might in turn support
production on higher trophic levels. Abundance and biomass of
fishes at nearby natural reefs did not decrease, despite the
substantial addition of ARs, which further suggests that ARs were
supporting local production. Of course, the relative size of the
restored area compared to the surroundings and distance to healthy
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reefs will be of great influence on this. Incorporation of age cohort
monitoring over time will provide more certainty on this aspect
(Brickhill et al., 2005). Thirdly, biases in the used methodologies
should be noted: observer bias might explain the observed increase
in fish species richness over the different years on control and
reference patches and this could be addressed by monitoring
methods using artificial intelligence (Barbedo, 2022), and the
discrepancy between small AR size and large surveyed area for
fishes as well as the small areal coverage for benthic surveys ideally
are solved by upscaling restoration efforts rather than through
adjusted monitoring methodologies.

Restoration recommendations

Concluding, we highlight several recommendations with
broader relevance. Firstly, as clearly outlined in restoration
guidelines (Precht, 2006; Edwards et al., 2010), causes of coral
decline need to be addressed for restoration to be successful.
During the current study, fishing efforts still interfered with
restoration efforts both directly by dislodging fragments and
likely indirectly by affecting the community composition of fish
— also on natural reference reefs (McClanahan et al, 2008).
Continued efforts to align restoration with protection are
therefore crucial (Hylkema et al., 2021). Secondly, at least
equally important, adaptation to climate change impacts must
be considered. To address this potential threat to restoration
success, we used, where possible, presumed temperature-resilient
corals (outplanted Acropora spp. and other corals that had
survived previous bleaching episodes) and we placed ARs
slightly deeper to reduce combined heat and light stress. This
might have contributed to the low bleaching mortality among
most outplanted corals despite significant heat stress during the
study. However, the bleaching mortality of Pocillopora spp. and
the anticipated ever-increasing temperatures clearly show more
research is needed to combine ongoing restoration efforts with
new techniques such as assisted evolution (van Oppen et al., 2017;
NASEM, 2018; Rinkevich, 2019). There should be no doubt,
however, that long-term success of coral reef conservation
ultimately depends on how soon global greenhouse gas
emissions are curbed (Knowlton et al.,, 2021). Thirdly, the clear
effects of AR design and species selection on coral survival
highlight the importance of these factors for reef restoration
success. A combination of AR designs with species-specific
outplanting strategies is recommended to realize high coral
cover and diversity: predation-sensitive genera such as Acropora
can be placed on elevated structures such as cages, whereas
predation-resilient corals such as Millepora and Porites can be
put on concrete structures such as layered cakes. In this way, coral
cover can be increased quickly using pioneer species while coral
recruitment is also facilitated, supporting the development of a
more diverse and resilient coral community, which can in turn
support a fish community that is functionally similar to natural
reefs (Horoszowski-fridman and Rinkevich, 2016). Low concrete
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structures such as bottle reefs are not recommended for coral
outplanting, but could be placed specifically to create turtle
hangouts in the studied area. Further improvements in coral
performance are likely possible by varying outplant density
(Ladd et al, 2018) and species composition (Cabaitan et al,
2015). Altogether, considerations of these ecology-based
processes have the potential to improve outplanting success even
further (Shaver and Silliman, 2017; Ladd et al., 2018). Ultimately,
monitoring at socio-ecological relevant scales will determine if reef
restoration can support the recovery of coral reefs and their
services and thus can be considered an effective, efficient and
engaging conservation tool (McDonald et al, 2016; Goergen
et al., 2020).
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