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Abstract Sexual propagation of corals is a promising strat-
egy for coral restoration, but one of the main challenges is
the high mortality of coral spat due to competitive interac-
tions with macroalgae during the early life history stages.
Optimising the properties of settlement substrates such as
material types and surface roughness has the potential to
improve the survival of spat by limiting the recruitment
and growth of macroalgae. In this study, we assessed the
effects of modifying surface roughness across three different
tile materials (alumina-based ceramic, calcium carbonate
(CaCO0s;), and concrete) on the settlement success and post-
settlement survivorship of Acropora kenti coral larvae in six
mesocosm tanks, each with different established macroalgal
communities. The macroalgal community compositions on
the tiles were significantly different among material types,
but not surface roughness, although the type and abundance
of macroalgal species were heavily influenced by the estab-
lished tank communities. Increasing surface roughness did
not affect larval settlement success or spat survivorship.
Substantially higher larval settlement density was found on
concrete tiles (1.92+0.10 larvae cm™2), but spat survival
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was the highest on CaCOs; tiles (73.4 +4.2% survived). Very
strong competitive interactions were observed between spat
and macroalgae, with overgrowth by the crustose coralline
alga Crustaphytum sp. and the brown alga Lobophora sp.
being the primary cause of spat mortality. Overall, when tak-
ing into account both settlement and survival rates, concrete
was the best performing among the tile types tested here.

Keywords Coral larvae - Coral restoration - Competitive
interactions - Crustose coralline algae - Early life history
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Introduction

Global decline in coral populations, as a result of ocean
warming and local anthropogenic stressors, have prompted
active restoration efforts to accelerate the recovery of coral
reefs and enhance their resilience (Bostrom-Einarsson et al.
2020; Banaszak et al. 2023). One key intervention is sexual
propagation, which harnesses the ability of relatively few
corals to produce millions of offspring annually (Bostrom-
Einarsson et al. 2020; Randall et al. 2020). Recent studies
have also applied novel methods to ‘seed’ sexually propa-
gated corals on coral reefs by settling coral larvae on arti-
ficial substrates ex situ and attaching them to devices to
be deployed onto reefs (Chamberland et al. 2017; Randall
et al. 2023). Compared to the traditional asexual propagation
methods, coral seeding is more ecologically sustainable as it
does not require the sacrifice of the parental colonies (Ran-
dall et al. 2020). Coral seeding also maintains the genetic
diversity in the outplanted corals, with the potential to sur-
vive and adapt to changing environmental conditions (van
Oppen et al. 2017; Baums et al. 2019).
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One of the main bottlenecks in coral seeding is the high
mortality of corals during their early life-history stages (i.e.,
type III survival; Vermeij and Sandin 2008), particularly
in newly settled coral larvae—termed as ‘spat’ hereafter.
While high larval settlement can be achieved in coral seed-
ing, majority of spat tend not to survive beyond six months
(Edwards et al. 2015; Randall et al. 2021). The main causes
of mortality in spat include predation, sediment smother-
ing, and competition with other benthic organisms, predomi-
nantly macroalgae (Babcock and Smith 2002; Penin et al.
2011; Doropoulos et al. 2016). While some macroalgae, in
particular crustose coralline algae (CCA), may be desirable
during the settlement process as they can provide chemical
cues to induce coral larval settlement (Heyward and Negri
1999; Tebben et al. 2015; Abdul Wahab et al. 2023) and
limit establishment of other macroalgae (Vermeij et al. 2011;
Gomez-Lemos and Diaz-Pulido 2017), fleshy macroalgae
generally have detrimental impacts on corals during the
post-settlement period (reviewed by Birrell et al. 2008a).
Macroalgae can reduce spat growth and survival by means
of physical mechanisms such as space pre-emption, over-
growth, and abrasion (River and Edmunds 2001; Vermejj
2006); allelopathy (Kuffner et al. 2006; Paul et al. 2011); and
alteration of the micro-environment including light and oxy-
gen availability, water flow, sediment and nutrient regimes,
as well as microbial communities (Box and Mumby 2007;
Hauri et al. 2010; Wangpraseurt et al. 2012; Bulleri et al.
2018).

To improve the effectiveness and scale of seeding sexu-
ally propagated corals in restoration efforts, it is critical to
select settlement substrates that optimise the settlement suc-
cess of coral larvae and their early post-settlement survival
(Banaszak et al. 2023). Previous studies have used a range
of materials as settlement substrates for coral larvae, includ-
ing concrete, ceramic, terracotta, coral skeleton, and plastics
such as PVC (Spieler et al. 2001; Burt et al. 2009; Antink
et al. 2018; Leonard et al. 2022). Physical and chemical
characteristics of the substrates such as surface topography,
porosity, and chemical composition can influence the set-
tlement preference of macroalgae and recruitment success
of coral larvae (Fletcher and Callow 1992; Diaz-Pulido and
McCook 2004; Petersen et al. 2005a; Whalan et al. 2015;
Levenstein et al. 2022). In particular, macroalgal spores
may have higher settlement rates on substrates with surface
microtopography that matches their cell sizes to achieve
maximum contact points (Scardino et al. 2008). However,
most studies to date have tested the effectiveness of sur-
face roughness in inhibiting the settlement of macroalgal
propagules in monospecific experiment assays and did not
examine its potential impacts on early coral recruitment suc-
cess (Callow et al. 2002; Schumacher et al. 2007; Xiao et al.
2018). It remains unclear whether modifying surface rough-
ness will be useful in controlling the growth of multispecies
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macroalgal communities to improve the survival of coral
spat in aquaculture for restoration purposes.

In this study, the roles of material type and surface
roughness of settlement tiles on the early recruitment suc-
cess of Acropora kenti coral larvae were evaluated in a
coral aquaculture facility. Specifically, we assessed how
the establishment, abundance and composition of macroal-
gal communities varied with increasing surface roughness
in alumina-based ceramic, calcium carbonate (CaCOj),
and concrete tiles (prior to and post coral settlement). We
compared the settlement success of coral larvae among the
tile treatments and subsequently assessed the post-settle-
ment survivorship and growth of spat over 10 weeks. We
also quantified the frequency of competitive interactions
between spat and macroalgal taxa to better understand the
role of coral-macroalgal interactions in mediating spat
survivorship.

Materials and methods

To examine the effects of material types and surface rough-
ness of settlement tiles on macroalgal community composi-
tion and early coral recruitment success, we conducted a
mesocosm experiment in indoor aquaria at the National Sea
Simulator (SeaSim) of the Australian Institute of Marine
Science (AIMS) in Townsville, Australia. We tested three
material types (alumina, CaCO;, and concrete) and five sur-
face roughness levels of settlement tiles (82 mm X 90 mm).
In total, there were 15 types of tiles. Tiles were first condi-
tioned for six weeks to allow mixed communities of bio-
film and macroalgae to develop, followed by a coral larval
settlement choice assay and 10 weeks monitoring of post-
settlement survival of coral spat (Fig. 1).

Material types and surface roughness of settlement tiles

Settlement tiles were comprised of three different mate-
rial types, namely alumina, CaCO;, and concrete. Alumina
(Al,O5) is an inert ceramic with high hardness that is very
resistant to erosion and corrosion. CaCO; tiles were included
as coral reef frameworks are comprised of CaCO; depos-
ited mainly by corals and crustose coralline algae. Finally,
concrete was included as it is one of the most widely used
materials in coral recruitment studies and reef restoration
projects due to its low cost, ready availability, and common
use in marine construction (Spieler et al. 2001; Burt et al.
2009; Chamberland et al. 2017).

Fully sintered 95% pure alumina tiles were sourced from
Gongtao Ceramics (Shanghai, People’s Republic of China)
and were used with no further modification as Roughness
1, while partially sintered alumina tiles sourced from Alpha
Ceramics GmbH (Aachen, Germany) were sand blasted to
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Fig. 1 Schematic diagram

of the experimental design
illustrating: (1) the 6-week
tile conditioning in the 280-L
mesocosm tanks, followed by
(2) larval settlement substrate
choice assay and subsequent
symbiont inoculation in the
50-L settlement tanks, and (3)
the post-settlement monitoring
of spat survival in the 280-L
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Table 1 Modification of surface roughness (1 being the smoothest
and 5 being the roughest) with various garnet grades and sandblasting
duration on alumina, CaCOj3, and concrete tiles

Roughness Garnet grade Sandblasting duration (min)
Alumina  CaCO; Concrete

1 NA NA NA NA

2 80 0.33-0.5 0.25-0.33 0.5-0.58

3 40/60 4-5 8-10 2-3

4 30/60 7-8 15-16 4-5

5 20/40 15-18 18-22 13-15

modify their surface roughness (Table 1). Fully sintered alu-
mina was obtained by sintering the tiles at 1600 °C while
partially sintered alumina tiles were sintered at 1200 °C,
achieving a density of 2.42 g cm™ (63% densification).
CaCO; tiles were fabricated from casting CaCO; powder
(Oplusi, USA), which was initially dispersed in water using
polyvinyl alcohol (PVA) binder. Fabricated CaCOj tiles
were chosen over coral rubble slabs to improve sustainabil-
ity and allow better manipulation of the surface roughness of
the tiles. Concrete tiles were prepared following the standard
AS 2350.12-2006 Sect. 6 and 7 (Standards Australia 2016)
and the surface roughness of the tiles was modified by sand-
blasting (Table 1).

The surface roughness of the tiles was characterized using
laser scanning microscopy (Olympus LEXT OLS4100) by
randomly scanning five areas (2.583 X2.574 cm) to obtain
the 3D surface profile images. Three metrics of areal sur-
face roughness were calculated following the ISO 25178
“Geometrical product specification (GPS)—Surface texture:
Areal”: (1) Sa—the arithmetical mean height of the sample
profile, (2) Sp—the maximum peak height within the sam-
pling area, and (3) Sv—the maximum valley depth within

280-L mesocosm tank

the sampling area. All three metrics had increasing values
with increasing roughness levels, except for CaCOj tiles
which had lower Sa values at roughness 4 and 5 compared
to roughness 3 (Fig. 2). Tiles with higher surface roughness
also generally had a higher degree of irregularity and wavi-
ness in both the x and y planes (ESM Fig. S1).

The chemical composition of the tiles was confirmed
using scanning electron microscope (Jeol JISM5410LV)
coupled with energy-dispersive X-ray spectroscopy (ESM
Fig. S2). As expected, alumina tiles were largely comprised
of aluminium (53 wt%) and oxygen (47 wt%), while the con-
crete tiles were composed mainly of calcium (39 wt%) and
oxygen (37 wt%). The main constituents in the CaCOs; tiles
were calcium (47 wt%) and oxygen (34 wt%).

Experimental designs

Thirty tiles of each of the 15 tile types were distrib-
uted across six 280-L fiberglass mesocosm tanks (L
1400 mm X W 755 mm x H 260 mm). In total, 450 tiles were
tested (3 material X 5 roughness X 5 replicate X 6 tanks). As
each mesocosm tank had established fouling communities
with different macroalgal community compositions, we
replicated the experiment in six tanks. Established meso-
cosm tanks are preferred over bare tanks for raising coral
spat as tiles maintained in bare tanks often become rapidly
dominated by different filamentous and turf algal communi-
ties, which require more husbandry (Petersen et al. 2005b;
Neil et al. 2021). However, the macroalgal communities are
always (at least subtly) different between established meso-
cosm tanks; thus, to represent a variety of possible macroal-
gal communities, we replicated the experiment across six
independent tanks. While this approach introduces variabil-
ity in macroalgal colonisation on settlement tiles, it is largely
unavoidable and has the advantage that any significant
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Fig. 2 Mean and standard error of surface roughness profiles on alumina, CaCO;, and concrete tiles. Sa—the arithmetical mean height of the
sample profile; Sp—the maximum peak height within the sampling area; Sv—the maximum valley depth within the sampling area

effects of substrate treatments (i.e., material and roughness)
on spat settlement and survival are robust across macroal-
gal communities. This also likely broadens the application
of results in future coral aquaculture programs that utilise
already established mesocosms. Tiles were placed on angled
PVC racks that kept the tiles at an angle of 38° relative to the
tank floor to reduce the potential effects of sediment deposi-
tion on the macroalgal communities and newly settled spat.
Positions of the tiles in each tank were randomized every
two weeks to minimize any positional effects.

All mesocosm tanks had a semi-recirculation system with
independent sumps and an average of 300% turnover per day.
Each tank was fitted with two LED panel lights that followed
a sinusoidal profile of ramping from darkness at 05:30 to a
maximum of ~ 50 pmol quanta m~2 s~! (PAR) at 12:00 and
then a ramp-down to darkness at 18:30, achieving daily light
integral of 1.4 mol m~2 d~!. This light level was selected
because it was the optimal intensity for CCA conditioning in
the SeaSim (B. Ramsby, unpublished data). Water tempera-
ture followed the historical profile obtained from the daily
mean temperature at 4 m depth at Davies Reef (18°49'53"S
147°38'8"E) between 1991 and 2012 (ESM Fig. S3). Both
temperature and light were controlled by a Supervisory
Control and Data Acquisition (SCADA) system (Siemens
PCS7). Two gyre pumps (Maxspect 350 series) were used
to maintain the water circulation in each tank. At the start of
the experiment, 10 Turbo sp. (5—-12 mm shell) and 8 Calth-
alotia sp. (1-4 mm shell) snails were added to each tank.
These small grazing herbivores have been shown to help
control macroalgal growth and improve coral spat survi-
vorship in the aquarium facilities (Neil et al. 2021). Water
quality parameters were measured every two weeks and no
anomalies were recorded (NO,™: 0.079 +0.002 pmol L,
mean + SE; NO;™: 2.119+0.158 umol L NH4+:
0.169 +0.005 pmol L™!; PO,™: 0.174 +0.005 pmol L™,
Si0,: 6.661 +0.436 umol L™").
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To account for potential factors driving the tank differ-
ences, we characterized the established macroalgal com-
munities in each mesocosm tank by placing six permanent
10 cm X 10 cm quadrats along the inner walls of each tank.
Quadrats were photographed (Canon PowerShot S120) at the
start of the experiment, at the end of six weeks of tile condi-
tioning, and at the end of 10 weeks of post-settlement moni-
toring. Macroalgal community composition was assessed
from the photographs using the Coral Point Count with
Excel extension (CPCe; Kohler and Gill 2006), whereby
25 stratified random points were overlaid on each quadrat
and the macroalgal taxa (genus-level) directly under the
points were identified. Identification of macroalgal species
was based on their morphological and anatomical features
examined under stereo- and light microscopes and using
taxonomic literature (e.g., Price and Scott 1992; Kraft 2007;
Huisman 2015).

Coral collection, spawning, and larval culture

Gravid colonies of Acropora kenti were collected from reefs
around the Palm Island Group, Australia (18°45'56.4"S
146°322.58"E) in October 2022, one week prior to the full
moon (GBRMPA Permit G21/45348.1). Recent molecular
studies by Bridge et al. (2023) revealed the cryptic diversity
within the ‘Acropora tenuis’ species complex and discovered
that species that was previously referred to as A. fenuis on
the GBR and elsewhere in eastern Australia was actually
A. kenti. However, the species used in the current study,
common to the Palm Island group, has some morphological
deviations from the A. kenti voucher specimen and is there-
fore referred to as Acropora sp. nov. aff. kenti but abbrevi-
ated to A. kenti.

Colonies were transported to the SeaSim and kept in out-
door holding tanks (1200 L; L 2800 mm X W 1000 mm x H
440 mm) until spawning. Six days following the full moon,
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16 colonies spawned, and their gametes were collected and
pooled for cross fertilisation. Larvae were cultured in 500-L
flow-through tanks at densities of ~0.6 larva mL~" until they
achieved settlement competency. Daily competency assays
(Heyward and Negri 1999) showed that 5-day-old A. kenti
larvae were competent, attaining >90% settlement rate in
the presence of the CCA Porolithon cf. onkodes fragments.

Coral larval settlement substrate choice

To examine whether coral larval settlement success var-
ied among material types and surface roughness of the
settlement tiles, we conducted settlement choice assays in
eighteen 50-L flow-through acrylic tanks (L 600 mm X W
300 mm X H 330 mm). Each tank contained one of each 15
tile types from the same mesocosm tank; three replicates per
tile type from each mesocosm tank were assayed. Approxi-
mately 2,700 A. kenti larvae (5-day-old) were added to each
settlement tank, where they had equal opportunity to settle
on each tile type. To prevent larvae from settling on the side
and underside of the tiles, each tile was surrounded by sterile
glass beads (¢ 2-3 mm) such that only the top surface of the
tile was presented to the larvae. The sides of each tile were
also sanded to remove any macroalgae prior to the settlement
choice assays. The assays were performed under 35 PAR
(12 h light: 12 h dark cycle) at 27.5 °C.

After 24 h, the tiles were photographed using a Nikon
D810 camera (Nikon AF-S 60 mm f/2.8G ED macro lens
with two Ikelite DS161 strobes) to determine (1) the number
of coral larvae that successfully settled and metamorphosed,
and (2) the macroalgal community composition. Coral larvae
were scored as settled if they were firmly attached to the sub-
strate with pronounced flattening of the oral-aboral axis and
septal mesenteries radiating from the central mouth (Hey-
ward and Negri 1999). The macroalgal community composi-
tion on each tile was estimated using the CPCe software in
the same manner as the tank community assessments.

Coral spat survivorship

Due to a low number of spat (<20) on some of the tiles,
another 2,700 A. kenti larvae (6-day-old) were added to
each of the settlement tanks to even out the number of spat
across the treatments. Tiles were photographed after 24 h
to determine the number of spat. Spat were kept in the set-
tlement tank assays for another 65 h for inoculation with
cultured Symbiodiniaceae that were originally isolated from
A. kenti from Magnetic Island, Australia (1.54 X 108 cells of
Cladocopium proliferum added to each settlement tank, ID:
055-01.10; Butler et al. 2023). All tiles were then returned to
their respective mesocosm tanks and fed once daily (1600 h)
with 2,000 cells mL™! microalgae (Tisochrysis lutea,

Nannochloropsis oceanica, Pavlova lutheri, Dunaliella sp.)
and 0.5 nauplii mL~! rotifers.

Tiles were photographed regularly (week 1, 4, 7, and 10
post-settlement) to monitor the macroalgal communities,
spat survivorship, spat growth, and the interactions between
spat and macroalgae. As little differences in the macroalgal
communities and coral settlement rates were observed across
the five surface roughness categories during the settlement
choice assays (Figs. 3a and 5a), we only focused on rough-
ness 1, 3, and 5 to represent the increasing roughness levels
for the post-settlement monitoring. Preliminary analyses also
revealed no effect of surface roughness on spat survivorship,
so no further data collection was performed for roughness
2 and 4. Spat that formed aggregates during settlement or
fused with neighbouring spat during the grow-out period
were excluded from the dataset because aggregates would
have confounded spat survival and growth rates (Ligson
et al. 2022). Two concrete tiles had 48 and 90% spat mortal-
ity within the first week of settlement and were excluded
from further analysis as the remaining tiles had <20% mor-
tality within the first week. We also did not include tiles
with <10 spat in the survivorship analysis (1 concrete tile,
18 alumina tiles, 24 CaCOs; tiles; total =43 tiles) to mini-
mise the influence of the initial number of settled spat on
the average spat survivorship rate at the tile level. Overall,
the survivorship of 6,202 individual A. kenti spat among all
treatment combinations was tracked over 10 weeks.

We measured the size of spat (up to 20 random spat per
tile) that survived to 10 weeks. We also assessed the role
of macroalgal interactions in influencing spat survivorship
by estimating the proportion of the perimeter of each spat
in contact with macroalgae (0: no macroalgae, >0-<0.25,
0.25-<0.5, 0.5-<0.75, 0.75-1). Macroalgal interactions
were quantified at the time points when the spat were
recorded as dead or at the final time point (i.e., week 10) if
the spat were alive. All image analyses, including the track-
ing of the survivorship of spat, the size of spat, and the inter-
actions between spat and macroalgae were performed in the
ImagelJ software (Schneider et al. 2012).

Statistical analyses

All analyses were performed in R v4.2.1 (R Core Team
2022). The percent cover of macroalgal communities were
square-root transformed and visualised using non-metric
multi-dimensional scaling (nMDS) based on Bray—Curtis
dissimilarity. Differences in the macroalgal community
composition among material types and surface roughness
were examined using a permutation multivariate analysis
of variance (PERMANOVA) with adonis2 function (vegan
package; Oksanen et al. 2022). To account for the variation
in the growing conditions among tanks and the nested exper-
imental design, we fitted ‘mesocosm tank’ as the first term
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in the PERMANOVA models to absorb as much variance as
possible due to the tank effect and restricted the permuta-
tions of macroalgal communities on the tiles within each
tank to test the main effects of ‘material’ and ‘roughness’
(n=9,999 permutations). Similarity percentage (SIMPER)
analysis was then conducted to evaluate which macroalgal
taxa contributed to the significant differences in the pair-
wise comparisons among treatments. Comparisons between
macroalgal communities colonising the tiles and the estab-
lished tank communities were only done descriptively due
to strongly imbalanced number of replicates (36 quadrats of
tank communities vs. 450 tiles across six tanks).

To determine whether there were differences in the settle-
ment success of A. kenti larvae among treatments, we used
generalised linear mixed-effects models (GLMMs; glm-
mTMB package; Brooks et al. 2017) to compare the density
of settled larvae among material types and surface rough-
ness. Both mesocosm tanks and settlement choice assay
tanks were included as random effects in the models. Nega-
tive binomial distribution was used to fit the over-dispersed
count data of the number of settled larvae, while the tile
area was included as an offset term to express the response
variable as settlement density (number of larvae per cm?).
We also added ‘material’ in the zero-inflation and dispersion
model formula to capture the zero-inflated data and hetero-
scedasticity among the material treatment.

To compare the survivorship rates of coral spat, GLMMs
with binomial distribution were performed to model the pro-
portion of spat that were alive on each tile as a function of
material, roughness, and age of spat (1, 4, 7, and 10 weeks
old). We included ‘mesocosm tank’ as a random effect and
a temporal autocorrelation with lag 1 (AR1) to account for
the repeated measurement of spat across time.

(a) 6 weeks tile conditioning

GLMMs were also used to assess whether there were dif-
ferences in the size of spat and relative early recruitment
success among material types and surface roughness of set-
tlement tiles. Relative recruitment success for each tile was
calculated by multiplying the larval settlement success rates
by the spat survival rates. Gaussian distribution was fitted
in the GLMMs to analyse the size of spat that were alive
at the end of the experiment (i.e., 10-week-old spat) while
Tweedie distribution was used in the relative recruitment
success models. Similar to the two previous models, we
added ‘mesocosm tank’ as a random effect.

Significance of fixed effects in the GLMMs were assessed
using the likelihood ratio tests. Post-hoc analyses were con-
ducted using the emmeans package with Tukey’s adjusted
p-values (Lenth 2022). Assumptions on the normality and
heteroscedasticity of residuals of all GLMMs were graphi-
cally validated using the DHARMa package (Hartig 2022).

Results
Macroalgal communities

Following 6 weeks of conditioning, the macroalgal com-
munities on the tiles were significantly different among the
six tanks (PERMANOVA: R?=0.385, Pseudo-F=63.7,
p=0.0001). The nMDS plots showed clear separation among
tanks, particularly Tank 1 and 2 being more dominated by
diatoms (Fig. 3a, Fig. 4a). The gametophyte of the brown
alga Colpomenia sp., which exhibits a crustose growth
form, was common on tiles in Tanks 3, 5, and 6, while
the crustose coralline alga Crustaphytum sp. was the most
abundant in Tank 4, consistent with the patterns observed

(b) 10 weeks post-settiement
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Fig. 3 nMDS ordination of distances among the centroids for the three material types at each tank following a 6 weeks of tile conditioning and
b 10 weeks of post-settlement grow-out. Numbers on the plot in panel b refer to the surface roughness levels (roughness 1, 3, and 5)
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Fig. 4 Mean percentage of macroalgal cover on mesocosm tanks and settlement tiles (alumina, CaCO;, and concrete tiles) following a 6 weeks

of tile conditioning and b 10 weeks of post-settlement grow-out

in the established communities of the mesocosm tanks
(Fig. 3a, Fig. 4a). When permutations of PERMANOVA
were restricted by each tank, we found significant differ-
ences in the macroalgal communities among material types
(R2 =0.08, Pseudo-F=33.0, p=0.0001), but not rough-
ness levels (R2 =0.007, Pseudo-F=1.42, p=0.163). Post-
hoc analyses showed significant differences in all pairwise
comparisons among the material types, which were mainly
driven by the differences in the abundance of the CCA Litho-
phyllum sp. and Crustaphytum sp. (ESM Table S1).

At the end of the experiment (i.e., 10 weeks post-set-
tlement), the differences in the macroalgal communities
on the tiles among mesocosm tanks were still evident
(PERMANOVA: R?=0.309, Pseudo-F =35.2, p=0.0001;
Fig. 3b). Compared to tiles from other tanks, tiles from
Tanks 2 and 3 had higher cover of Lithophyllum sp. and
Lobophora sp., respectively (Fig. 4b). Similar patterns were
observed in the tank communities, where Lithophyllum sp.
and Lobophora sp. had the highest abundance in Tanks 2 and
3, respectively (Fig. 4b, ESM Fig. S4b). Within each tank,
we found significant effects of materials and roughness on

the macroalgal compositions (material: R?=0.219, Pseudo-
F=62.2, p=0.0001; roughness: R?>=0.0126, Pseudo-
F=3.58, p=0.0026). Post-hoc analyses showed significant
differences in all pairwise comparisons among material
types, but none among surface roughness after adjustment of
p-values following the Bonferroni’s method. SIMPER analy-
sis revealed that Crustaphytum sp. was the main taxa respon-
sible for the differences between alumina and CaCOj tiles,
while the abundance of Lithophyllum sp., Crustaphytum sp.,
and biofilm had the greatest contributions to the dissimilari-
ties between CaCO; and concrete tiles (ESM Table S2).

Larval settlement choice

The density of A. kenti larvae that successfully settled on
the settlement tiles differed significantly among materials
df=2, Xz =106.0, p<0.001), but not roughness (df =4,
y*>=4.41, p=0.354; Fig. 5a). We found that settlement den-
sity was ~4.5% greater on concrete tiles (1.92+0.10 larvae
cm~%; mean + SE) compared to alumina (0.43 +0.06 larvae
cm™?) and CaCOj tiles (0.41 +0.05 larvae cm™%; Fig. 5a).
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Fig. 5 The estimated marginal means and their 95% confidence
intervals of a the settlement density of coral larvae, b survivorship of
coral spat over 10 weeks, ¢ size of coral spat at the end of the experi-

The settlement density on each tile also varied greatly
by where the tiles were conditioned (o, =0.225; ESM
Fig. S5a). No strong positive correlations were observed
between CCA cover and settlement density (ESM Fig. S6).

Spat survivorship, size, and interactions
with macroalgae

The survivorship of coral spat declined significantly across
all treatments over the course of 10 weeks (Fig. 5b). The
rate of decline in spat survivorship did not differ among
surface roughness for each material type; however, at
roughness 1, the rate of decline in the spat survivorship was
31.0-34.6% greater on alumina and concrete tiles compared
to CaCOs; tiles (Fig. 5b). At 10-week-old, the odds ratio of
spat being alive was 4.66—7.36X greater on some of CaCO;
tile treatments compared to alumina and concrete tiles (ESM
Fig. S7). An average of 73.5% (55.3-86.1%, 95% confidence
intervals (CI)) of total spat survived on CaCOsj tiles, while
the mean survival rates on alumina and concrete tiles were
39.0% (22.6-58.3%) and 37.8% (22.6-55.7%), respectively.
The survivorship of coral spat also varied greatly by tanks
(6, =0.802; ESM Fig. S5b).

There were significant differences in the size of 10-week-
old spat among material types (df=2, ¥*=9.97, p=0.007),
but not surface roughness (df =2, ¥*>=3.96, p=0.138;

@ Springer

Alumina C:;ICO3 Concrete

ment, and d relative recruitment success (larval settlement X spat sur-
vival rates) among material types and surface roughness of settlement
tiles

Fig. 5¢). In particular, spat on concrete tiles were larger
than those on CaCOs; tiles, but these differences were small
(A, =0.096 +0.031 mm?; Fig. 5c). On average, spat
grew from 0.615+0.027 mm? when they first settled to
0.923 +0.008 mm? at 10-week-old. Both live and dead spat
were most frequently observed to have 75-100% of their
perimeter being in contact with macroalgae after 10 weeks
(Fig. 6). However, 88.3% out of 3,400 spat that were dead
had between 75-100% of their perimeter in contact with
macroalgae, predominantly Crustaphytum sp. and Lobo-
phora sp., while only 30.3% out of 2,802 spat that were alive
had 75-100% direct contact with macroalgae (Fig. 6).

Relative early recruitment success

When both settlement and survivorship rates were con-
sidered to evaluate the overall early recruitment success
(proportion successfully settled and survived at week 10),
concrete tiles had 2.1-7.7x higher relative recruitment suc-
cess compared to alumina and CaCOs; tiles across all three
roughness levels (Fig. 5d, ESM Fig. S8). For each mate-
rial type, there were no significant differences in the rela-
tive recruitment success among roughness level, except for
alumina tiles with roughness 1 having higher recruitment
success than alumina tiles with roughness 3 (ESM Fig. S8).
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Discussion

Sexual propagation of corals is a promising strategy for
upscaled coral restoration, but one of the main challenges
is the high mortality of coral spat during the early phase
of their lives. Optimising the properties of settlement sub-
strates such as material types and surface roughness has the
potential to enhance coral recruitment success by limiting
competition between newly settled spat and macroalgae. The
results of this study indicate that surface roughness had little
impact in influencing macroalgal community assemblages
on the settlement tiles and subsequent coral recruitment suc-
cess. Mesocosm tanks in which the tiles were conditioned
and held during the spat grow-out period (influenced by their
pre-established communities) were the strongest determinant
of the macroalgal compositions on the tiles, followed by
material types. Settlement of A. kenti larvae was substan-
tially higher on concrete tiles, but spat survival was higher
on CaCOs tiles. Nevertheless, when taking into account both
settlement and survival rates, concrete tiles were the best
performing among the tile types tested here.

Effects of material types and surface roughness
on macroalgal communities

Macroalgal communities on the settlement tiles were
strongly driven by mesocosm tanks (each with differ-
ent established macroalgal communities), explaining
30.9-38.5% of the variance in the community structure.
Macroalgal communities were also significantly differ-
ent among material types, but the percentage of variance
explained was relatively lower (8% following six weeks con-
ditioning and 21.9% at week 10 post-settlement). Similar
patterns were observed in the field by Burt et al. (2009),
who also found that benthic communities on tiles of five

different materials (concrete, gabbro, granite, sandstone, and
terracotta) in the Persian Gulf were more strongly driven by
sites rather than material types. Likewise, Kennedy et al.
(2017) reported that total CCA abundance on settlement
tiles differed significantly among habitat types in the south-
ern Great Barrier Reef, but not among the six tile materi-
als (polycarbonate, PVC, terracotta, limestone, porcelain,
glass). The succession patterns of macroalgal assemblages
are highly dynamic and dependent on a range of biotic and
abiotic factors, including propagule supply, light intensity,
nutrient availability, water movement, temperature, competi-
tion with other benthic organisms, and grazing by herbivores
(Fletcher and Callow 1992; Keith et al. 2014; Wahl et al.
2015). In our study, we noted that the proliferation of Litho-
phyllum sp. and Lobophora sp. was only observed on tiles
in Tanks 2 and 3, respectively, where these macroalgae had
the highest cover in the established tank communities among
the six tanks (Fig. 4). This suggests that the availability of
macroalgal spores produced by the established macroalgal
communities within each mesocosm tank was likely a criti-
cal factor in determining the abundance and composition of
macroalgae on the settlement tiles. In addition, established
CCA communities in the tanks might produce biochemicals
that suppressed growth and recruitment of other macroalgae
(Suzuki et al. 1998; Kim et al. 2004; Vermeij et al. 2011;
Gomez-Lemos and Diaz-Pulido 2017), promoting CCA
abundance on the settlement tiles. Nevertheless, it should
be noted that the patterns of macroalgal communities colo-
nising the tiles were highly influenced by the established
macroalgal communities in the mesocosm tanks, which were
CCA-dominated, potentially affecting the generalisability of
our findings to other tank and reef systems characterised by
more diverse macroalgal species.

Modifying the surface roughness of the settlement
tiles had very limited effects on macroalgal community
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compositions. Surface roughness has been reported in
several studies to influence the settlement rates of foul-
ing organisms, including macroalgae (Callow et al. 2002;
Scardino et al. 2007; Schumacher et al. 2007). The lack of
influence of surface roughness on the macroalgal commu-
nities in this study may have been due to the dominance
of CCA that produce non-motile spores in the tanks (i.e.,
Crustaphytum sp. and Lithophyllum sp.; ESM Table S3).
Scardino et al. (2007) reported that surface microtopogra-
phy influenced the fouling rates of organisms with motile
propagules such as the green alga Ulva rigida, the tube
worm Hydroides elegans and the bryozoan Bugula neri-
tina, but not those with non-motile propagules such as the
red alga Centroceras clavulatum. Using silica beads as
controls for non-motile spores, Callow et al. (2002) found
that the settlement rates of beads were similar across
various topographies, while the spores of the green alga
Ulva linza preferentially settled on the substratum with
microtopography that matched their body size (5 um). As
non-motile macroalgal spores would settle passively on
the substratum without performing surface exploration,
the settlement rates would be equal across all surfaces,
unless settled spores had weak adhesion strength and were
dislodged from the substratum (Scardino et al. 2008).
Once settled, it was unlikely that Crustaphytum sp. and
Lithophyllum sp. germlings detached from the tiles as the
calcification process in CCA occurs within hours after
settlement (de Carvalho et al. 2022).

Our findings further emphasize the importance of
understanding existing macroalgal communities and the
characteristics of reproductive propagules that are pre-
sent (e.g., size, motility) in designing suitable settlement
substrates. Modifying surface roughness will likely have
a limited impact on controlling the fouling of macroal-
gae if the benthic communities are dominated by red
macroalgae, which generally produce non-motile spores.
Another important consideration is the spatial scale of
roughness relative to the size of the macroalgal spores as
the attachment points between settling macroalgal spores
and substratum are the weakest when the surface rough-
ness of the substratum is slightly smaller than the width
of the macroalgal spores (Callow et al. 2002; Schumacher
et al. 2007; Scardino et al. 2008). However, macroalgae
are highly diverse and the size of their reproductive cells
ranges from 2 um to 250 pm (Clayton 1992). In this study,
the average height profile (Sa) ranged from 1.6 pm on
Roughness 1 tiles to 16.0 um on Roughness 5 tiles, while
the maximum valley depth (Sv) was between 42.8 and
116.2 pm. An effective deterrent surface may therefore
require hierarchical patterning of roughness in multiple
length scales (Callow and Callow 2011).

@ Springer

Effects of material types and surface roughness on early
coral recruitment success

Significantly higher numbers of A. kenti larvae preferred
to settle on concrete tiles than alumina and CaCOj tiles.
This was potentially related to the abundance of CCA on
the tiles as many studies have shown that CCA can induce
settlement in coral larvae (Heyward and Negri 1999; Diaz-
Pulido et al. 2010; Tebben et al. 2015; Abdul Wahab et al.
2023). In this study, while we observed that concrete tiles
had higher percent cover of Crustaphytum sp. and Lithophyl-
lum sp. compared to alumina and CaCOj tiles, CCA cover
was not strongly positively correlated with settlement suc-
cess (ESM Fig. S6). Lobophora sp., belonging to a genus of
brown macroalgae that is known to inhibit larval settlement
(Evensen et al. 2019; Fong et al 2019; but see Birrell et al.
2008b), had very low cover (average of 1.3-4.4%) across
the tile types during the larval settlement assays. It remains
unclear which innate (chemical or physical) properties of
concrete might have also played a role in attracting coral
larvae. Settlement success was low on CaCOsj tiles, which
was unexpected given that several studies have noted high
settlement of coral larvae on dead coral skeleton and coral
rubble, also comprised of CaCO; (Heyward and Negri 1999;
Ritson-Williams et al. 2010). However, the CaCOj tiles used
in this study were made from the compaction of CaCO;
powder, unlike dead coral skeleton and rubbles, which pos-
sess complex pore structures that can potentially serve as
a physical cue for larval settlement (Whalan et al. 2015)
and residual biochemicals that may include settlement cues
(Heyward and Negri 1999).

The survivorship of A. kenti spat declined significantly
over the course of 10 weeks across all treatments. Among
the 3,400 dead spat, 88.3% had 75-100% of their perim-
eter in contact with macroalgae, predominantly Crus-
taphytum sp. and Lobophora sp. Notably, we observed
that Crustaphytum sp. and Lobophora sp. often grew over
the spat and killed them (i.e., active overgrowth) within
seven weeks from first contact. Despite the low light envi-
ronment (maximum midday irradiance of 50 PAR), Crus-
taphytum sp. and Lobophora sp. grew rapidly and occu-
pied most of the available space on the settlement tiles
within 10 weeks post-settlement, outcompeting the coral
spat before they reached an escape threshold (i.e., large
enough to resist the overgrowth). Importantly, our results
demonstrate that overgrowth by CCA can be an important
mechanism that mediates the interactions between benthic
macroalgae and corals. Empirical evidence of space com-
petition between CCA and coral is scarce as most studies
focused on the influence of CCA on coral larval settlement
preference (Heyward and Negri 1999; Abdul Wahab et al.
2023). Early work by Harrington et al. (2004) noted the
overgrowth of A. fenuis spat by Porolithon onkodes and
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Titanoderma prototypum, but concluded that overgrowth
played a minor role in mediating the competition between
CCA and spat. They found that a more effective strategy
employed by CCA in preventing the survival of coral spat
was by epithallial sloughing (e.g., in Neogoniolithon fos-
liei, P. onkodes, and Hydrolithon reinboldii). A recent
study by Jorissen et al. (2020) showed that CCA species
that typically grew in sub-cryptic habitats (N. fosliei and
Paragoniolithon conicum) were competitively dominant
against Pocillopora sp. recruits and frequently killed the
recruits via overgrowth, while the two CCA species that
were commonly found in exposed habitats (P. onkodes
and Lithophyllum insipidum) helped to promote the sur-
vival of Pocillopora sp. recruits. CCA may also possess
allelochemicals that are potentially harmful to coral spat.
Previous studies have demonstrated the allelopathic activi-
ties of some CCA extracts in inhibiting the settlement of
coral larvae (Harrington et al. 2004) and other macroalgal
spores (Suzuki et al. 1998; Kim et al. 2004; Vermeij et al.
2011; Gomez-Lemos and Diaz-Pulido 2017). Different
CCA species likely have different competitive abilities
against coral spat depending on their sloughing ability,
allelopathic potency, growth rate, size, crust thickness, and
environmental conditions (Harrington et al. 2004; Jorissen
et al. 2020; Abdul Wahab et al. 2023). Further studies are
required to better understand the variation in the competi-
tive abilities of CCA species against newly settled corals
and how it may relate to their facilitative effects in induc-
ing coral larval settlement.

Spat mortality was lower on CaCOj; tiles compared to
alumina and concrete tiles, particularly at Roughness 5.
The mean survival of 10-week-old A. kenti spat on CaCO;
tiles was 73.5%, while only 37.8 and 39% of total spat
were alive on alumina and concrete tiles, respectively. This
was likely driven by less intense space competition on
CaCO; tiles, which had 53.2 +2.5% cover of biofilm, or
‘bare space’, available for benthic macroorganisms to colo-
nize. In contrast, the biofilm cover on alumina and con-
crete tiles was 18.5+1.6% and 12.7 £ 1.5%, respectively.
Nevertheless, despite the low post-settlement survival,
concrete tiles had the highest overall early recruitment suc-
cess among the material types. Successful recruitment is
dependent on corals passing through all early life-history
stages, from fertilisation to settlement to post-settlement
survival (Birrell et al. 2008a). While spat survival was
higher on CaCO; than concrete tiles, CaCOj tiles per-
formed considerably worse during the settlement process.
The number of coral larvae that successfully settled and
metamorphosed on CaCOj tiles was 0-134 larvae, with 13
out of 54 tiles having zero settlement. In contrast, concrete
tiles had 8-259 settled larvae. Consequently, the overall
recruitment success on CaCOj tiles was low.

Conclusion

Overall, concrete was found to be the best performing set-
tlement substrate with the highest early recruitment success
(up to 10-week-old) among the three materials tested in this
study. The mesocosm tanks were the strongest determinant
of the macroalgal community structures on the tiles, over-
whelming the effects of material types. Surface roughness
did not influence the macroalgal community assemblages
on the settlement tiles; consequently, modifying surface
roughness did not improve the settlement success of coral
larvae and their early post-settlement survival. Very strong
competitive interactions were observed between coral spat
and macroalgae, with overgrowth by CCA being the pri-
mary cause of high spat mortality in the aquaculture system
over the first 10 weeks post-settlement. Loss of coral spat
to overgrowth by CCA represents a potential bottleneck in
scaling up the restoration efforts to seed sexually propagated
corals. However, identification of this important mechanism
informs opportunities to optimise early spat survival until
deployment, including further investigation of material
types, reducing light levels, and introducing juvenile sea
urchins (e.g., Echinometra mathaei and Tripneustes gratilla)
to control CCA as well as filamentous and fleshy macroalgal
abundance (Neil et al. 2024). Greater labour investment in
husbandry during the early life stages may also be neces-
sary to overcome the bottlenecks of post-settlement mor-
tality (Edwards et al. 2015). Another option is to culture
and promote the dominance of less competitively aggressive
CCA on the settlement tiles; for example, Titanoderma spp.
have very thin crusts and likely pose low risk of overgrow-
ing coral spat (Ritson-Williams et al. 2010). Importantly,
while this study sought to optimise the properties of set-
tlement substrates to improve coral settlement and early
post-settlement survival for coral seeding, additional work
is required to determine the longer-term survival and growth
of the coral spat following their deployment onto reefs to
assess the effectiveness of this restoration strategy.
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