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ABSTRACT: Recruitment processes largely drive spatial distributions, dynamics, and recovery
potential of marine communities. Determining scales of variation in recruitment rates and compo-
sition can help in understanding population replenishment mechanisms, while identifying recruit-
ment hotspots is crucial for improving conservation strategies, particularly for threatened marine
ecosystems such as coral reefs. We examined the spatial and interannual variability (2012-2014)
of coral recruitment at multiple scales within and among reef habitats (14 stations) in the south-
western lagoon of New Caledonia. Recruit assemblages were characterized by high recruitment
rates compared to other regions (overall mean of 34.9 recruits per 11 x 11 x 1 cm settlement tile,
corresponding to 1220.9 recruits m™2) and strong dominance of Acroporidae. We found a marked
spatial heterogeneity among habitats but also exceptionally high interannual variation (100-fold),
with extreme recruitment peaks (up to 13 572.8 recruits m™2, with a maximum of 811 recruits on a
single tile) recorded in 2014 at some fringing and mid-shelf reefs, the highest records ever re-
ported to date. These encouraging results contrast with other reefs where recent declines in coral
recruitment rates have been documented with major concerns for their resilience capacities. How-
ever, the marked spatio-temporal variability of coral recruitment complicates conservation strate-
gies, as it makes it difficult to identify ‘recruitment hotspots’ as priority sites to protect for their
potential capacity to boost the replenishment of local populations.
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1. INTRODUCTION mined by early recruitment patterns and post-settle-

ment events (Connell et al. 1997, Hughes et al.

Recruitment is a critical process governing the
distribution and dynamics of marine communities
(Caley et al. 1996, Cowen et al. 2000, Hixon et al.
2002, Richmond et al. 2018). The regulation of scler-
actinian coral populations, the major reef-building
taxa and key components to the exceptional biodi-
versity of coral reef ecosystems, is largely deter-
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1999, 2000, Ritson-Williams et al. 2009, Adjeroud et
al. 2017). Larval supply, settlement and metamor-
phosis, and subsequent coral survival and growth
also have a marked influence on recovery trajecto-
ries following mass mortality events (Hughes & Tan-
ner 2000, Gilmour et al. 2013, Lukoschek et al.
2013, Mumby et al. 2016, Adjeroud et al. 2018a),
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with relative contributions that vary with species
life strategies and reef environments (Doropoulos et
al. 2015, Edmunds 2018, Kayal et al. 2018, Gouezo
et al. 2019, 2020). In fact, coral recruitment is a key
indicator of reef community resilience capacities
(McClanahan et al. 2012, Adjeroud et al. 2017,
Hughes et al. 2019, Guerrini et al. 2020). Improving
our knowledge of coral recruitment processes has
become critically important as large-scale perturba-
tions and local stressors increasingly threaten the
economic, cultural, social, and aesthetical goods
and services coral reefs provide to ~850 million peo-
ple from more than 100 countries (Bellwood et al.
2004, Hoegh-Guldberg & Bruno 2010, Kittinger et
al. 2012, Hughes et al. 2017, Woodhead et al. 2019).
In this context of ‘coral-reef crisis’, integrating
empirical knowledge on coral recruitment processes
into management strategies is essential for success-
ful conservation of coral reef ecosystems (Mumby &
Steneck 2008, McClanahan et al. 2012, Hughes et
al. 2019, Edmunds & Riegl 2020).

Since the 1980s, patterns of coral recruitment have
been documented for many coral reefs worldwide
(reviewed in Adjeroud et al. 2017). One of the main
characteristics of coral recruitment is its variability
across spatial scales, from large geographic scales of
regions and oceanic basins to local scales within and
among reef habitats and sites (Hughes et al. 2002,
Adjeroud et al. 2007, Sola et al. 2015, Davidson et al.
2019, Jouval et al. 2019). This high heterogeneity is
largely related to the variety of biophysical processes
that may influence the biology of coral recruits and
which vary in frequency, intensity, and spatial scale,
as well as to the contrasting life history traits ob-
served among coral taxa (Ritson-Williams et al. 2009,
Kayal et al. 2015, Richmond et al. 2018, Gouezo et al.
2020, Thomson et al. 2021). For example, physical
factors such as hydrodynamics and wave exposure,
sedimentation, substrate characteristics, and water
quality largely influence the composition and abun-
dance of coral recruit assemblages at local scales
(Ritson-Williams et al. 2009, Edmunds et al. 2010,
Edmunds 2022). The preference of larvae for some
wavelengths of light, substrate color, and sound has
also been demonstrated (Vermeij et al. 2009, Mason
et al. 2011). Biotic interactions such as predation,
allelopathy, and competition with algae may affect
coral recruitment and adult distribution through
space pre-emption, overgrowth, and chemical cues
(Kuffner et al. 2006, Dixson et al. 2014). In addition,
variation in recruitment at local scales may also be
driven by larval preferences and selective mortality
(Mundy & Babcock 1998, Baird et al. 2003, Doropou-

los et al. 2020, Shlesinger & Loya 2021). In some
regions, studies have identified sites that receive
consistently high levels of recruitment, also known
as ‘recruitment hotspots’ (Fisk & Harriott 1990, Glas-
som et al. 2004, Eagle et al. 2012, Bauman et al. 2014,
Edmunds 2021a). The temporal variability of coral
recruitment has also been widely documented (re-
viewed in Adjeroud et al. 2017). Seasonal variability
of coral recruitment appears to be mainly related to
the reproductive and spawning strategies of coral
assemblages, with one reproductive cycle per year
for most broadcast spawning species and possible
multiple events for brooders (Harrison & Wallace
1990, Baird et al. 2009, Richmond et al. 2018). Inter-
annual changes in climatic and oceanographic con-
ditions can affect fecundity, pre-settlement mortality,
dispersal, and early post-settlement events (Harrison
& Wallace 1990, Shlesinger & Loya 2019, Edmunds
2021a), with major impacts from large-scale pertur-
bations such as thermally induced coral bleaching
events or cyclones (Mumby 1999, Mallela & Crabbe
2009, Lukoschek et al. 2013, Doropoulos et al. 2014,
Hughes et al. 2019). This interannual variability in
fecundity, settlement rates, and post-settlement
events therefore results in ‘good' and ‘bad’ recruit-
ment years, which may have important implications
for the regulation of adult populations (Hughes 1990,
1996, Connell et al. 1997, Hughes et al. 2000,
Edmunds 2017). Thus, for marine invertebrates with
a bipartite life cycle, adult population abundances
are the result of 10 yr variation averages in larval
production and post-settlement mortality, although
sporadic episodes of extremely high recruitment may
also be major drivers of population dynamics
(Warner & Chesson 1985, Witman et al. 2003, Sams &
Keough 2012, Bethoney et al. 2016).

Patterns of coral recruitment are, however, in-
creasingly altered by global environmental changes,
threatening the resilience capacities of coral reefs
(Hughes et al. 2019, Price et al. 2019, Edmunds &
Riegl 2020, Guerrini et al. 2020). A recent synthesis
has pointed out the global decline in coral recruit-
ment since 1974, with decreasing rates in equatorial
reefs but increasing densities at sub-tropical lati-
tudes reflecting a poleward expansion in coral reef
distribution (Price et al. 2019). Declining recruitment
rates may also be associated with shifts in recruit
assemblage compositions, as recently recorded on
the Australian Great Barrier Reef (GBR) following
thermally induced coral bleaching events (Hughes et
al. 2019). In fact, these bleaching events have mainly
affected broadcast-spawning Acropora species,
whose tabular, corymbose, and digitate growth forms
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are characterized by high rates of larval recruitment
(‘superrecruiters’; Roff 2021).

In this context of increasing concerns about the
capacity of recruitment to replenish adult coral pop-
ulations, we examined the spatial and interannual
variability (2011-2014) of coral recruitment at vari-
ous scales (from cm to 10s of km) within and among
various reef habitats in the southwestern lagoon of
New Caledonia, from fringing reefs situated within
bays to oceanic outer-reef slopes. The main goal of
this study was to document the level and variability
of coral recruitment, identify potential sites with
higher recruitment rates, and assess if such ‘recruit-
ment hotspots’ could be proposed as priority conser-
vation sites. Implications of our results for broader
coral reef conservation are also discussed.

2. MATERIALS AND METHODS
2.1. Study area
This study was conducted between October 2011
and February 2014 in the southwestern portion of the

main island (‘Grande Terre') of New Caledonia
(Fig. 1). The southwestern lagoon is large (~10-

30 km separates the coast and the outer reef slope)
and contains diverse reef habitats (fringing, mid-
shelf, barrier, and outer-slope reefs) characterized by
contrasting environmental conditions (Adjeroud et
al. 2010, 2019). Terrigenous influence is mainly re-
stricted to fringing reefs, particularly those within
bays with long water residence times, whereas mid-
shelf, barrier, and outer-slope reefs are mostly under
oceanic influences (Jacquet et al. 2006). New Cale-
donian reefs are exposed to some localized anthro-
pogenic impacts, primarily associated with human
concentration at the main city of Nouméa and exten-
sive nickel mining for over a century. However, com-
pared to other Pacific reefs, such as the GBR or the
French Polynesian islands, large-scale natural distur-
bances are relatively rare in New Caledonia, and no
widespread mass mortality of corals has been re-
cently recorded (Wantiez 2008, Adjeroud et al. 2019).
Instead, coral mortalities caused by disturbances
have been acute in time and space, such as following
cyclone Erica in 2003 (Wantiez et al. 2006, Guillemot
et al. 2010), ephemeral increases in the abundance of
the coral-killing seastar Acanthaster spp. in 2012-
2013 (Adjeroud et al. 2018b, Dumas et al. 2020), and
the 2016 bleaching event (<10% coral mortality;
Payri et al. 2018, 2019, Bollati et al. 2020).
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Fig. 1. Location of the 14 stations in the southwestern lagoon of the main island (‘Grande Terre') of New Caledonia where coral
recruitment was monitored. Stations encompassed the 4 major reef habitats: fringing reefs (FR), mid-shelf reefs (MS), barrier
reefs (BR), and outer-slope reefs (OS). See Section 2.2 for station codes
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2.2. Sampling strategy and data analysis

To study the spatio-temporal variability of coral re-
cruitment, 14 stations were selected on the 4 major
reef habitats that compose the cross-shelf gradient in
the southwestern lagoon (Fig. 1, Table S1 in the
Supplement at www.int-res.com/articles/suppl/m692
p067_supp.pdf). Station codes are abbreviated as fol-
lows: the first 2 letters indicate the reef habitats (FR
for fringing, MS for mid-shelf, BR for barrier, OS for
outer-slope), the different stations within each habi-
tat are coded ‘a' to ‘d', and the associated number
represents the depth (6, 12, and 18 m) for reef slope
stations (Fig. 1). Four stations were established on
fringing reefs (Stns FRa and FRb within Maa Bay,
and Stns FRc and FRd at its exit), 2 stations on mid-
shelf reefs (Stns MSa and MSb, 10-15 km from
Noumeéa), 2 on the barrier reef (Stns BRa and BRbD,
21-22 km from Nouméa), and 6 stations (Stns OSa6,
OSal2, OSal18, OSb6, OSb12, OSb18) at each of the
2 outer-slope reef sites (Dumbéa and Uitoé, 23—
26 km from Nouméa). On fringing, mid-shelf, and
barrier reefs, stations were placed between 2 and 6 m
depth, whereas on the outer-slope reefs, stations
were distributed at 6, 12, and 18 m depth. Among the
14 stations surveyed in this study, 6 (Stns FRa, FRb,
MSa, MSb, BRa, BRb) were also studied for adult
coral assemblages in 2006-2008, including data on
generic richness, abundance, and cover (Table S2).

At each station, 20 unglazed terracotta tiles (11 x
11 x 1 cm) were directly attached to the substratum
following the method described by Mundy (2000).
Tiles were immersed for 5 mo (October to late Feb-
ruary), over a 3 yr period (2011-2012, 2012-2013,
2013-2014; hereafter referred to as the 2012, 2013,
and 2014 recruitment events, respectively). At the
end of the immersion periods, the tiles were re-
trieved, bleached, and sun-dried to expose the ske-
leton of coral recruits for identification under a dis-
secting microscope. At this stage of development,
the micro-architecture of the corallum is not suffi-
ciently developed to allow high-resolution identifi-
cation, and only 3 families (Acroporidae, Pocillo-
poridae, Poritidae) of coral recruits can be reliably
distinguished (Babcock et al. 2003). All other coral
families were compiled into a category named
‘other’ recruits (Fig. S1). We also used a category
‘broken’ that comprised all spats that were too dam-
aged to be identified with certainty. This category
represented less than 1.2% of the overall recruits
and was not specifically analyzed hereafter, but was
considered in the overall recruitment counts (all
categories pooled).

Normality and homoscedasticity of the data were
examined using Shapiro-Wilk and Bartlett tests,
respectively. Since the data were heteroskedastic
and over-dispersed, generalized linear mixed-mod-
els (GLMM) for negative-binomial distributed data
(log-link) were performed, using the ‘glmmPQL'
function from the 'MASS' package to test for spatial
and temporal variability of recruit abundance for all
taxa combined and for each of the dominant coral
family categories: Acroporidae, Pocilloporidae, Pori-
tidae, and others. Separate sets of GLMMs were used
to assess recruitment variability at the scale of reef
habitats (interaction year x habitat) while accounting
for the random effects of observations performed at
different stations (station as a random factor), and at
the scale of stations (interaction year x station) while
accounting for random effects of different habitats
(habitat as a random factor). Tukey's HSD post hoc
tests were performed using the ‘Ismeans’ function to
identify pairwise differences among significant
groups. Differences in proportions of recruits among
the 3 surfaces of the settlement tiles (lower, upper,
and sides) were assessed by the non-parametric chi-
squared test. All analyses were performed using R
version 3.1.0 (R Development Core Team 2014).

3. RESULTS
3.1. General recruitment characteristics

Over the 3 yr of the study, an overall mean + SD (all
recruit categories, stations and years combined) of
34.9 + 35.4 coral recruits per tile (1220.9 recruits m2)
was recorded. Means of 15.7 = 3.2 and 12.1 + 6.2
recruits per tile (550.7 and 423.1 recruits m~?, respec-
tively) were recorded in 2012 and 2013, respectively,
whereas 2014 was characterized by a higher mean
recruitment rate of 76.9 + 56.5 recruits per tile
(2689.1 recruits m2).

Coral recruits were largely dominated by Acro-
poridae (10.4 £ 5.1, 8.6 £ 6.6, and 71.1 + 40.7 recruits
per tile, representing 67.2, 70.8, and 93.1% of the
recruits in 2012, 2013, and 2014, respectively; Fig. 2),
followed by Pocilloporidae (4.4 + 2.4, 2.6 + 2.2, and
4.1 £ 4.2 recruits per tile, representing 28.2, 21.5, and
5.4%, in 2012, 2013, and 2014, respectively). Acro-
porid recruits were dominant at all stations except
one of the 6 m depth stations on the outer slope
(Stn OSa6), where pocilloporids were slightly more
abundant. Poritidae (0.5 + 0.4, 0.7 + 0.8, and 0.5 + 0.6
recruits per tile, representing 3.4, 5.9, and 0.7 %, in
2012, 2013, and 2014, respectively) and ‘other’
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Fig. 2. Relative proportion (%) of the 4 dominant coral
recruit categories (all stations and habitats pooled) for the
3 years of this study. Errors bars: +SD

recruits (0.2 £ 0.2, 0.2 £ 0.2, and 0.7 = 0.6 recruits per
tile, representing 1.3, 1.7, and 0.9%, in 2012, 2013,
and 2014, respectively) were characterized by lower
abundances over the study period (Fig. 2).

3.2. Settlement preferences

The proportion of recruits recorded on the different
surfaces of the settlement tiles was variable among
stations and years (chi-squared tests, all p < 0.0001;
Fig. 3, Table S3). At fringing, mid-shelf, and barrier
reef stations, where water depth was 2-6 m, the vast
majority of recruits were recorded on the lower sur-
faces of the tiles (FR: 84.4 %, MS: 83.9 %, BR: 94.2%),
compared to the sides (FR: 14.5%, MS: 9.5%, BR:
2.1%) and the upper surfaces (FR: 1.0 %, MS: 6.5 %,
BR: 3.6%). In contrast, the proportion of recruits
among tile surfaces differed at the outer-slope reef
stations, with increasing abundances on sides (23—
44 %) and upper surfaces (8-28%) with increasing
depth. Indeed, a higher proportion of recruits were
still recorded on the lower surfaces at 6 and 12 m
depth stations (66.7 and 61.9%, respectively),
whereas at 18 m depth, most recruits were found on
sides (43.7 %), compared to lower (28.7 %) and upper
(27.6 %) surfaces (Fig. 3).

3.3. Spatio-temporal and taxonomic variability

Significant spatio-temporal variability in recruit-
ment rates was recorded, both for all recruit cate-
gories combined as well as individually per category
(Tables S4, S7, S10, S13 & S16). In 2012, no significant
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Fig. 3. Relative proportion (%) of coral recruits (all cate-

gories pooled) on the different surfaces of the settlement

tiles (upper, sides, and lower) at the 4 major reef habitats

(FR: fringing reefs; MS: mid-shelf reefs; BR: barrier reefs;

OS: outer-slope reefs), and the 3 depth zones on the outer-
slope (6, 12, and 18 m). Errors bars: + SD

difference in overall recruitment rates (all categories
combined) was recorded among the 4 reef habitats
(Tukey's HSD tests, all p > 0.05; Table S5); values
were relatively similar among the 14 stations, except
Stn Bra, which was distinguished by a lower recruit
density (Fig. 4, Table S6). Densities of Acroporidae
recruits were higher on fringing reefs compared to
mid-shelf reefs (Tukey's HSD test, p = 0.0330), with
no other significant differences detected among habi-
tats (Fig. 5, Table S8). Within habitats, no significant
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rates (all categories pooled) among the 14 stations established

on the 4 major reef habitats. See Section 2.2 for station codes.
Errors bars: +SD
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differences in recruitment rates of Acroporidae were In 2013, substantial variations in overall recruit-
found among fringing reef or mid-shelf stations, ment rates were observed among habitats for all cat-
whereas significant differences were recorded egories (Tukey's HSD tests, all p < 0.05; Tables S5,
among barrier reef and among outer-slope stations S8, S14 & S17), except for Pocilloporidae (Tukey's
(Tukey's HSD tests, all p < 0.05), with lower densities HSD tests, all p > 0.1; Table S11). Significant differ-
found at Stn OSa6 compared to Stn OSb18 (Table S9). ences were also recorded between stations within
For Pocilloporidae, Poritidae, and ‘other’ recruits, no the same habitat, except at mid-shelf reefs, where
significant differences in recruitment rates were re- relatively high recruit densities were recorded at

corded between the 4 habitats in 2012 (Tukey's HSD both stations, notably for Acroporidae and Pocillo-
tests, all p > 0.05; Tables S11, S14 & S17). The abun- poridae (Fig. 5, Tables S6, S9 & S10). For Poritidae

dance of Pocilloporidae recruits was not significantly and 'other’ recruits, no significant variations in densi-
different between mid-shelf reef stations or between ties were observed among stations within each habi-
barrier reef stations, whereas within-habitat differ- tat, except on the outer reef slope where a higher
ences were found at fringing reefs and outer-slope value was recorded at Stn OSa6 (Tukey's HSD tests,
stations (Tukey's HSD tests, all p < 0.05; Table S12). all p < 0.05; Tables S15 & S18).

Poritidae and ‘other’ recruits were characterized by In 2014, spatial variability among reef habitats was
low but variable densities at the scale of the station more pronounced for all coral recruit categories ex-
(i.e. among the 20 replicate settlement tiles), and no cept Poritidae (Tables S5, S8, S11, S14 & S17), with
significant difference was recorded among stations particularly elevated densities at fringing and mid-

within habitats (Tukey's HSD tests, all p > 0.05; shelf reefs (Fig. 4), notably at Stn FRb where the
Tables S15 & S18), except for Poritidae on the outer highest values were recorded: a mean of 388.1 + 76.0

reef slope, where a decreasing trend with depth was recruits per tile (all categories combined), correspon-
observed at Stn OSa during the 3 yr, and an increas- ding to 13572.8 recruits m~2, with a record of 811
ing trend at Stn OSb was seen in 2012 (Tukey's HSD recruits on a single tile (Fig. S2). Marked variability
tests, all p < 0.05; Fig. 5, Table S15). was also found among stations within the same habi-
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Fig. 5. Spatio-temporal variation in recruitment rates of the 4 dominant coral categories (Acroporidae, Pocilloporidae, Pori-
tidae, and ‘others’ recruits) among the 14 stations established on the 4 major reef habitats. See Section 2.2 for station codes.
Errors bars: +SD
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tats (Tukey's HSD tests, all p < 0.05; Tables S6, S9,
S12, S15 & S18), except at the barrier reef, where
similar densities were found between the 2 stations.
The high recruitment rate in 2014 was predomi-
nantly driven by Acroporidae, with higher densities
on fringing and mid-shelf reefs (47.0-381.3 recruits
per tile) compared to other habitats (0.9-11.4 recruits
per tile; Fig. 5; Tukey's HSD tests, all p < 0.05; Table
S8). Pocilloporidae recruits were also highly variable
within and among habitats with, as in 2013, highest
values recorded at Stn MSb and, to a lesser degree,
at Stns FRc, FRd, and OSa6 (Table S12). Poritidae
and ‘other’ recruits were characterized by low densi-
ties, with no significant differences between stations
of the same habitat, except among reef slope stations
for Poritidae and among fringing reef stations for
‘other’ recruits, with highest densities recorded at
Stns FRa and FRb (Tukey's HSD tests, all p < 0.05;
Tables S15 & S18).

Significant interannual variability in overall coral
recruitment (all categories combined) was recorded
for fringing, mid-shelf, and outer-slope habitats
(Tukey's HSD tests, all p < 0.05; Table S19),
whereas recruit densities were relatively consistent
over the 3 yr at the barrier reef (Fig. 4). At fringing
and mid-shelf reefs, recruit densities were signifi-
cantly lower in 2012 and 2013 compared to 2014,
when peak values were recorded (51.8-388.1 re-
cruits per tile), with lowest values observed in 2013
for fringing reefs (4.2-14.3 recruits per tile) and in
2012 for mid-shelf reefs (7.5 and 9.3 recruits per
tile). For the outer-slope reefs, 2012 was character-
ized by higher recruitment rates compared to 2013
and 2014, the latter 2 yr showing no significant dif-
ference, except at some stations located at 12 and
18 m depth, where a slight increase was recorded in
2014 (Tukey's HSD tests, all p < 0.05; Table S20).
For Acroporidae, significant interannual variability
in recruitment rates was found for all habitats
except at the barrier reef and at the outer-slope sta-
tions between 2013 and 2014 (Tukey's HSD tests, all
p < 0.05; Table S21) and for all stations except Stn
BRb, where densities were consistent over the 3 yr
(Table S22). For Pocilloporidae, significant interan-
nual variability was recorded at all habitats (Tukey's
HSD tests, all p < 0.05), except at mid-shelf reefs
(Table S23). Recruitment rates of Acroporidae
showed a significant interannual variation at all sta-
tions (Tukey's HSD tests, all p < 0.05), except at Stns
BRb and OSa6 (Table S24). Compared to other cate-
gories, the interannual variability among habitats
and stations was less pronounced for Poritidae and
‘other’ recruits (Tables S25-S28).

4. DISCUSSION
4.1. A world record in coral recruitment rates

The overall mean coral recruitment rate of 34.9
recruits per tile recorded in our study, correspon-
ding to 1220.9 recruits m~2, was quite high com-
pared to most Western Pacific reefs such as the
GBR (Table 1), a region known for its high recruit-
ment rates (Price et al. 2019), with up to 4590 re-
cruits m~2 reported in 1995-1997 (Hughes et al.
1999) before recent declines (Hughes et al. 2019).
Furthermore, the peak mean values of 388.1 re-
cruits per tile we recorded at some stations in 2014,
corresponding to 13572.8 recruits m~2, are to our
knowledge the highest records to date, represent-
ing about 4 times the upper rates reported in other
regions (Table 1). The high recruitment rates re-
corded in the southwestern lagoon of New Caledo-
nia clearly contrast with those in other coral reef
regions and at most subtropical reefs where <150
recruits m™2 are typically found (Table 1). Further-
more, the maximum recruitment rate of 811 recruits
we recorded on a single tile demonstrates the abil-
ity of coral larvae to settle and survive long enough
to metamorphose into a polyp and initiate calcifica-
tion at a very high density on a small (11 x 11 x
1 cm) substrate.

4.2. Taxonomic composition of coral
recruit assemblages

Coral recruit assemblages in the southwestern
lagoon of New Caledonia were characterized by
the large dominance of Acroporidae (67-93%),
which is similar to patterns found at most coral
reefs in the Western Pacific (Table 1) such as Fiji
and the GBR, where Acroporidae reach up to 85%
(Hughes et al. 2000, 2002, Kojis & Quinn 2001,
Davidson et al. 2019), although a decline in acro-
porids has recently been recorded on the GBR
(Hughes et al. 2019). Pocilloporidae recruits were
also relatively abundant (5-28 %), whereas Poriti-
dae and other coral families represented smaller
proportions of recruits (1-6 and 1-2%, respec-
tively). The taxonomic composition recorded at
New Caledonia and most Western Pacific reefs
clearly contrasts with that found in the central
Pacific, subtropical reefs, and the south-western
Indian Ocean (Table 1), where recruit assemblages
are generally dominated by Pocilloporidae (typi-
cally >60%), and where Acroporidae contributions
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Table 1. General characteristics of coral recruitment patterns in various coral reefs of the Pacific and Indian oceans. Only contemporary stud-

ies (published since 2000) using a similar sampling protocol (ceramic or terracotta tiles directly attached to the substratum) were selected. Av-

erage: recruitment rate averaged among sites and years of survey; Range: minimal and maximal values recorded during the survey; NA: data
not available; GBR: Great Barrier Reef. The present study is highlighted in bold

Location Survey Recruitment rates (m™2) Dominant categories (listed in Reference
period Average Range descending order)
Pacific Ocean
Singapore 2011-2013 55 0-2791 Pocilloporidae (84 %) Bauman et al. (2015)
Indonesia (southeastern 2008-2009 149 35-209 Other families (41-62 %), Salinas-de-Leon et al. (2013)
Sulawesi) Acroporidae (12-20 %),
Pocilloporidae (10-21 %)
Japan (Amakusa) 2001-2003 2 0-2 Recruitment rates too low to determine Nozawa et al. (2006)
Australia (GBR) 1995-1997 4590 NA Acroporidae (80 %) Hughes et al. (2000)
Australia (GBR) 2016-2017¢ 405 NA Pocilloporidae, Acroporidae, Hughes et al. (2019)
Australia (Lord Howe) 2011-2012 230 150-1154  Pocilloporidae (44 %), Acroporidae (30 %), Cameron & Harrison (2016)
Poritidae (19 %)
New Caledonia 2012-2014 1220 423-13572 Acroporidae (77 %), Pocilloporidae (4 %) Present study
French Polynesia 2000-2003 40 0-1223 Pocilloporidae (60 %), Poritidae (19 %), Adjeroud et al. (2007)
(Moorea) Acroporidae (11 %)
Indian Ocean
Mozambique 2012-2013 1130 15-2232 Acroporidae (80 %) Sola et al. (2015)
Reunion 2015-2017 86 20-154 Pocilloporidae (86 %) Jouval et al. (2019)
Rodrigues 2015-2017 4 2-40 Poritidae (80 %) in 2015-2016, Jouval et al. (2019)
Acroporidae (69 %) in 2016-2017
Seychelles 2012 595 82-2167 Acroporidae, Pocilloporidae, Poritidae Chong-Seng et al. (2014)
Northeastern Arabian 2012-2013 NA 0-82 NA Bento et al. (2017)
Peninsula
Southern Gulf—Dubai  2009-2011 121 0-331 Other families (61 %), Poritidae (27 %), Bauman et al. (2014)
Acroporidae (11 %)
Australia (Dampier 2015-2017 600 2-2730 Acroporidae Thomson et al. (2021)
Archipelago)
“This survey was conducted following a severe bleaching event

are reduced (typically <15%) even if adult acro-
porid colonies may be locally abundant (Adjeroud
et al. 2007, 2018a, Ho & Dai 2014, Jouval et al.
2019). In addition to latitude, which is known to
influence the composition of recruit assemblages
(Hughes et al. 2002), the dominance of Acroporidae
recruits in New Caledonia may also be explained
by the high diversity and densities of adult
colonies and the absence of large-scale mass-mor-
tality of adult acroporid brood stock, such as the
one recently recorded on the GBR (Hughes et al.
2019). Indeed, Pichon (2007) identified 58 Acropora
spp. among the 310 coral species recorded in New
Caledonia, while Adjeroud et al. (2019) estimated
~20-100 colonies of Acropora spp. per 10 m? at
most reef habitats of the southwestern lagoon.

4.3. Spatio-temporal variability

As documented for a variety of coral reefs world-
wide (Hughes et al. 2002, Adjeroud et al. 2007,
Davidson et al. 2019, Jouval et al. 2019, Thomson et
al. 2021), our results underline the strong spatial het-
erogeneity in recruitment rates at various scales,
complementing the marked variability reported for
the older coral life stages of juveniles and adults pre-
vailing in the southwestern lagoon of New Caledonia
(Adjeroud et al. 2010, 2019). At the small scale of
individual recruitment tiles, at most stations, we
found a higher proportion of recruits occupying the
lower surface and sides of tiles compared to upper
surfaces, where high grazing levels by herbivorous
fish likely result in higher post-settlement mortality
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(Penin et al. 2010). The higher proportion of recruits
that we recorded on sides and upper surfaces at
greater depth on the outer-reef slope is consistent
with findings from other coral reefs and may be
attributable to reduced light intensity on lower sides
making this microhabitat less suitable for coral
recruits (Mundy & Babcock 2000, Baird et al. 2003,
Nozawa et al. 2011, Chui & Ang 2017, Doropoulos et
al. 2020). Our results also underline the patchy distri-
bution of coral recruitment at the station scale (i.e.
among recruitment tiles, as shown by the high stan-
dard deviations recorded at all stations), which may
reflect the small-scale variation in delivery of larvae
by currents along with biotic interactions on the sub-
strate such as chemical attractants and predation,
competition, and other inhibitory effects (e.g. allelo-
pathy) of resident benthic organisms such as hard
and soft corals, sponges, ascidians, and algae (Birrell
et al. 2008, Ritson-Williams et al. 2009, Dixson et al.
2014, Richmond et al. 2018, Whitman et al. 2020).

At the reef scale, marked spatial heterogeneity was
recorded within and among major coral reef habitats.
However, spatial patterns among stations were not
conserved through time (i.e. peak recruit abun-
dances were observed at different sites among
years), which prevents the identification of persistent
coral recruitment hotspots as can be found in some
other coral reefs (Edmunds 2021b). Overall, higher
recruit abundances were observed at some fringing
and mid-shelf reefs, whereas recruitment rates were
generally lower at barrier and outer-slope reefs. On
the outer slope, recruit abundances were, on aver-
age, lower at 12 and 18 m compared to 6 m depth.
Such reef scale and depth variation in recruitment
patterns may result from differential larval delivery
and settlement preferences, or early post-settlement
mortality caused by variation in physical conditions
(sedimentation, hydrodynamics, light) as well as dif-
ferent forms of biotic interaction (Mundy & Babcock
1998, Birrell et al. 2008, Penin et al. 2010, Gouezo et
al. 2020, Whitman et al. 2020, Koester et al. 2021,
Shlesinger & Loya 2021, Thomson et al. 2021).

Our results highlight particularly strong interan-
nual variability in recruitment rates, with an extreme
peak of Acroporidae in 2014 at some fringing and
mid-shelf reef stations (>100 and up to 381.3 mean
recruits per tile for this category). Surprisingly, such
a peak in Acroporidae was not reported on the outer-
reef slope, which, on the contrary, had very low
recruitment rates recorded during the study period,
though diversity, abundance, and cover of adult
colonies of Acropora are quite high on this habitat
(authors' pers. obs.). In contrast, the outer-reef slope

was the habitat where the recorded Pocilloporidae
recruitment rates were highest during the first year
of the survey (2012). These findings highlight the
contrasting spatial patterns and dynamics of recruit-
ment processes that exist among coral taxa and habi-
tats at the reef scale. Marked temporal variability in
coral recruitment has been widely documented in
many reefs around the world (Soong et al. 2003,
Adjeroud et al. 2017, Hughes et al. 2000, 2019,
Thomson et al. 2021), but the level of the interannual
variation recorded here, with up to 100-fold differ-
ences in recruitment rates among neighboring sta-
tions and consecutive years, stands out as excep-
tional. Indeed, such extremely high recruitment
events have only rarely been recorded in marine eco-
systems, with the only recent reports being sea scal-
lops in the Mid-Atlantic (Bethoney et al. 2016), dam-
selfish in Western Australia (Pearce et al. 2016), and
Mytilus edulis in the Gulf of Maine (Witman et al.
2003). Although identifying factors influencing re-
cruitment variability was not within the scope of this
study, we hypothesize that the recruitment peaks at
some fringing reefs may be linked to changes in local
hydrodynamic patterns. Indeed, differences in
coastal water surface flows can generate recruitment
variation by determining whether drifting larvae
complete their development near a favorable habitat
(Gaines & Bertness 1992, Golbuu et al. 2012, Oprandi
et al. 2019, Thomson et al. 2021). In our case, we
hypothesize that lower circulation in the southwest-
ern lagoon, linked to periods of weak south-easterly
trade-winds and occasional west breezes during the
stormy wet season, favors larval retention near the
coast, particularly within areas of high residence
time such as the Maa Bay (Jacquet et al. 2006, Ouil-
lon et al. 2010, Cuif et al. 2014), where the coral re-
cruitment records were found. In contrast, the lower
recruitment rates that we recorded on the outer-reef
slope, most notably for Acroporidae, may be linked to
higher exposure to wave and swell actions and the
oceanic surface currents that characterize this habi-
tat (Ouillon et al. 2010), which may reduce the settle-
ment of coral larvae of numerous coral species, as
suggested for other coral reefs worldwide (Hata et al.
2017, Koester et al. 2021). Obviously, other hypothe-
ses could be proposed to explain the recruitment
peak of Acroporidae in 2014, such as a sporadic year
of higher fecundity and lower pre- and/or post-settle-
ment mortality. Such alternative mechanisms, which
could not be examined in New Caledonia due to a
lack of adequate data, should be explored if we are to
improve our knowledge of underlying processes that
control the spatio-temporal variability in coral re-
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cruitment. However, self-recruitment processes oc-
curring at the habitat scale seem an inadequate
explanation, as the highest adult Acropora abun-
dances were recorded on the barrier reef (Table S2),
where recruitment of Acroporidae was the lowest.
This finding contrasts with several previous surveys
that demonstrated a positive relationship between
recruitment and cover of adult colonies at the habitat
scale (Hughes et al. 2000, Kayal et al. 2015, Edmunds
2022).

4.4. Implications for conservation strategies

The high rates of coral recruitment reported in this
study are encouraging compared to many reefs
where recruitment appears insufficient to replenish
coral assemblages (Chui & Ang 2017, Guerrini et al.
2020), particularly as recruitment declines and coral
composition shifts were recorded following recurrent
bleaching events even at the nearby GBR (Hughes et
al. 2019, Price et al. 2019). The unique attributes of
coral recruitment in New Caledonia, together with
the high diversity and abundance of corals (Pichon
2007, Adjeroud et al. 2019), bring hope for the resili-
ence potential of this UNESCO World Heritage site,
provided that no significant changes in the occur-
rences of large-scale disturbances or local stressors
to the reefs occur in the future.

The marked variability in coral recruitment re-
ported here emphasizes the need for large-scale and
long-term studies to determine temporal trends,
identify the frequency of sporadic peak events, and
examine their implications for the resilience of adult
assemblages (Kayal et al. 2018, Hughes et al. 2019,
Edmunds 2021b, Thomson et al. 2021). Identifying
the major biological and environmental factors
underlying this variability is also essential to improve
knowledge on drivers of coral recruitment, enable
predictions of such extreme events, and assess impli-
cations for reef conservation (Mumby & Steneck
2008). The results of this study suggest a continued
need for adaptable management based on empirical
data. The strong spatio-temporal variability in coral
recruitment demonstrated here, with recruitment
peaks reported at different habitats and years de-
pending on coral taxa, together with those of juvenile
and adult assemblages (Adjeroud et al. 2019), high-
lights the difficulty in identifying specific reefs as
both recruitment hotspots and adult sanctuaries to
prioritize protection. Thus, the conservation strategy
to define reef areas that may act as larval ‘sources’
for other ‘sink’ reefs (Fontoura et al. 2022) seems dif-

ficult to achieve for certain coral reef systems, includ-
ing the southwestern lagoon of New Caledonia.
Rather, our findings suggest that conservation meas-
ures should integrate large scales encompassing the
different reef habitat types, with sufficiently large
coverage to capture these localized pulses of high re-
cruitment. However, as spatial prioritization at large
scales may be inefficient in heterogeneous land-
scapes, and because resources allocated to conserva-
tion are often limited, such broad-scale marine pro-
tected areas are difficult to implement (Nolan et al.
2021). Overall, despite the consensus on recruitment
being a key factor to include in conservation strate-
gies, its spatial and temporal heterogeneity make it
difficult to incorporate into conservation actions for
ecosystems as complex as coral reefs (Mumby &
Steneck 2008, McClanahan et al. 2012, Adjeroud et
al. 2017).
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