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Outbreaks of the corallivorous starfish Acanthaster cf. solaris (COTS) are not fully understood, especially in the shallowest areas behind the
reef crests where limited COTS impacts are often reported. Here, we investigated the outbreak occurrence and compared post-outbreak habitat
impacts in reef flats vs. upper fore reefs at  sites in New Caledonia. In this Pacific territory so far considered marginally affected by COTS, we doc-
umented wide occurrences of aggregations, combining massive population increases (maximum  COTS per swim, abundances > COTS
recorded in % of the sites) with limited spatiotemporal boundaries. Abundance levels met the highest values in the literature, but were re-
stricted to relatively small, isolated mid-shelf reefs. Typical residence time was short (< two years), with at least one site where COTS seemingly
disappeared within seven months. The spread of COTS population and subsequent impacts appeared self-contained, and never affected the
reef flats (.–. m). The transition to severely affected fore reefs was abrupt, with live coral cover divided by nine and morphological diversity
halved within a very few meters (– m). We suggest that these differential impacts likely result from harsh environmental conditions making
shallow, coral-rich areas less suitable for COTS, thereby pushing predation pressure further downwards.
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Introduction
The large, voracious crown-of-thorns starfish Acanthaster spp.
(COTS) is a specialized coral predator characterized by unpre-
dictable, massive population fluctuations eventually reaching un-
sustainably high densities in tropical and subtropical reefs (Endean
and Chesher, 1973; Moran, 1986; Zann et al., 1990). Studies sug-
gest an increasing prevalence ofthese outbreaks in the very recent
decades, most likely driven by a combination of natural and an-
thropogenic disturbances (Baird et al., 2013; Pratchett et al., 2017a;
Haywood et al., 2019). Managing the consequences of severe coral

mortalities (e.g. >95%, Tkachenko et al., 2020) with cascading ef-
fects across all ecosystem compartments adds considerable pressure
on decision-makers, leading to unprecedented conservation con-
cerns and management effort in Pacific island countries (Dumas et
al., 2020; Plagányi et al., 2020).

Sustained research efforts during the recent decades have em-
phasized the need to develop proactive, effective management ap-
proaches that are able to address the intrinsic variability of the
COTS phenomenon (Hoey et al., 2016; Pratchett and Cumming,
2019). Outbreaks differ greatly in severity, duration and size across
COTS distribution range: from recurrent, almost chronic events
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eventually spreading across entire, connected reefs systems to punc-
tual disturbances affecting single sites or isolated reefs (review in
Pratchett et al., 2014). They typically start along the reef slope at
various depths before opportunistically extending upwards, un-
der the combined influence of ontogenic changes in the feed-
ing behaviour of starfish and an increasing competition for food
within adult populations (Moran, 1986; Keesing, 1990; Johnson et
al., 1991). Greater impacts on coral assemblages are generally ex-
pected on the fore reef for highest population densities (hundreds
to thousands COTS.ha−1) and longer outbreak persistence, e.g. 3–
5 years or more (Osborne et al., 2011; De’ath et al., 2012; Pratch-
ett et al., 2014; Pratchett et al., 2017b). However, the effects of out-
breaks will strongly vary depending upon site characteristics (in-
cluding composition/structure of local coral assemblages, reef geo-
morphology and hydrodynamics, frequency/intensity of other dis-
turbances), the structure and dynamics of local COTS populations,
and the management framework eventually in place (Pratchett et
al., 2009; Vanhatalo et al., 2017; Westcott et al., 2020). Marked
food preferences for certain genera and coral growth forms (such
as fast-growing, branching Acropora and Montipora spp.) are in
particular exhibited by COTS, which entails spatially heteroge-
neous mortality—especially at low/intermediate predation levels
wherea species-specific, sequential depletion of corals is often ob-
served across the fore reef and deeper areas (Birkeland and Lucas,
1990; De’ath and Moran, 1998a; Kayal et al., 2012). Impact patterns
are less clear in the upper reef areas behind the reef crest, where
lower COTS predation is often reported despite an abundance of
prey, suggesting that other behavioral and environmental clues also
influence their fine scale distribution (De’ath and Moran, 1998b;
Saponari et al., 2018). However, few studies have focused on the
prevalence and fine scale patterns of predation in these shallow-
est coral areas, where reduced COTS occurrence and marked lo-
gistical constraints (hydrodynamics, water depth, COTS residence
time) make sampling uneasy.

Here, we investigated outbreak occurrence in the shallow coral
assemblages (reef flats vs. upper fore reefs <5m depth) in New Cale-
donia, a Pacific territory whose highly diversified coral reef for-
mations were until recently considered preserved from widespread
COTS damage. While no dedicated management framework is in
place, citizen monitoring reported highly localized, ephemeral in-
creases in COTS population affecting a number of coastal and bar-
rier reefs since 2015 (Adjeroud et al., 2018; Dumas et al., 2020). We
surveyed the trajectory of COTS abundances to assess their typ-
ical residence time in 13 very shallow, coastal fringing and mid-
shelf reef sites affected by outbreaks. We also assessed the post-
outbreak structure of coral habitats in reef flats vs. fore reefs to
investigate if massive, yet potentially ephemeral COTS population
outbreaks may eventually entail differential impacts across these
areas.

Material and methods
The study area was located in the Southwestern lagoon of New Cale-
donia, a large area of approximately 5500 km2 with an average depth
of 15–20 m, harboring a highly diversified reef complex includ-
ing coastal fringing reefs, mid shelf reefs, inner-shelf barrier reefs
and outer reef slopes (Richer de Forges, 1991). We surveyed COTS
and shallow coral assemblages in 13 reefs where a recent citizen
science programme emphasized the increasing occurrence of out-
break populations (the OREANET initiative, http://oreanet.ird.nc/)

(Figure 1). Sites were repeatedly surveyed for COTS between 2016
and 2020, following the first report of unusually high starfish abun-
dances by participants of the OREANET monitoring programme.
The number of surveys varied between two and five per site, mostly
depending upon logistical constraints including the site distance
from the capital city Noumea, the depth range and accessibility of
the upper reef areas, the exposure to the dominant trade winds, and
the overall meteorological conditions (Table 1).

COTS census
At each site, COTS abundances were recorded during the day using
standardized 10-minute swims, conducted by a team of two to five
experienced snorkelers swimming parallel to the reef edge. All sur-
veys focused on the shallow portion of the reef (0.5–5 m depth).
Observers progressed at a constant speed and carefully searched
COTS in the reef flat vs. upper fore reef areas, with 5–10 m be-
tween observers to avoid overlap. The position of the timed swims
was recorded by a handheld Garmin GPSMAP 64 GPS placed in
an underwater housing. We then used an empirical conversion ra-
tio based upon the average reef surface covered during a typical
10-minute swim to derive estimates of COTS density, expressed
in number of COTS per hectare. The area surveyed was calcu-
lated by using the linear distance travelled along the reef edge,
multiplied by an estimate of the corridor width where observers
actually looked for COTS (2 m). We used the three-levels abun-
dance/density thresholds recently developed in New Caledonia to
classify the COTS populations by Dumas et al. (2020), where val-
ues above five starfish. 10 min−1 (100 COTS.ha−1) were indicative
of an outbreak. The potential duration of an outbreak event was es-
timated as the duration between the initial survey with outbreak
densities and the first consecutive survey where densities were back
under the threshold.

Habitat description
On the last visit (2020), benthic substratum surveys were performed
simultaneously with COTS census along a series of transects, to in-
vestigate the spatial distribution of COTS impacts in shallow coral
habitats. At each of the 13 reef sites, a total of 20 random, 20 m-
transects were surveyed in two regions of the upper reef area, each
side of the reef crest: 10 transects along the reef flat (mean depth
1.0 ± 0.5 m) vs. 10 transects along the upper fore reef (mean 4.0 ±
1.0 m). The transects were materialized by a color-marked survey
tape attached to the substratum. The surface cover of corals and
other benthic categories was estimated using a quantitative photo-
graphic approach. A total of 21m2 photo quadrats per transect (one
every meter) were recorded with a digital camera equipped with
a wide-angle lens and subsequently imported into a dedicated im-
age analysis program (CPCe software, Kohler and Gill, 2006). Eigh-
teen local habitat variables related to coral growth forms (10 cate-
gories), rocky subtrates (4 categories), fine sediments (2 categories)
and cyanobacteria/algae and macrophytes cover (2 categories) were
considered (Table 2). For coral assemblages, the number of unique
coral categories recorded per transect was used as a proxy of mor-
phological richness. Surface estimates expressed in percentage cov-
ers were derived from random stratified point count techniques us-
ing a 9 points.m−2 ratio (Dumas et al., 2009). Percentage covers
were then aggregated at the transect level.
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Figure 1. Location of COTS survey stations in the southwestern lagoon of New Caledonia (South Pacific). See Table  for site details and
abbreviations.

Table 1. Characteristics of the study sites in the southwestern lagoon of New Caledonia (South Pacific). Distance from the capital city Noumea
(km); reef type and exposure to the dominant trade winds for the  survey sites. Total number of surveys with total number of COTS recorded
per site and COTS abundance (mean, SE, maximum) expressed in number of COTS per swim during outbreaks. Density equivalents in COTS per
hectare.

Site
Distance

(km) Reef type
Wind

exposure
Nb

surveys
COTS
total

Mean
COTS/swim

Max
COTS/swim

Mean
COTS/ha−1

Max
COTS/ha−1

BNN . mid-shelf Leeward   . (.)   () 
RLA . mid-shelf Windward   . (.)   ()  
NAK . mid-shelf Leeward   . (.)   ()  
TAR . mid-shelf Leeward   . (.)   () 
BO . mid-shelf Windward   . (.)   ()  
UIB . mid-shelf Windward   . (.)   ()  
TO . mid-shelf Leeward   . (.)    ()  
BNN . mid-shelf Leeward   . (.)    ()  
RED . mid-shelf Leeward   . (.)    ()  
UIA . mid-shelf Windward   . (.)    ()  
VUA . mid-shelf Leeward   . (.)   ()  
MON . coastal fringing Windward   . (.)    ()  
MBE . mid-shelf Leeward   . (.)    ()  

Data analysis
We tested the influence of site and exposure (leeward vs. windward
areas) on COTS abundances using 2-way permutational multivari-
ate analysis of variance (PERMANOVA), with subsequent pair-wise

tests by permutation using 9999 permutations. The structure of
shallow reef habitats was investigated using a combination of uni-
variate and multivariate approaches. First, a multidimensional sim-
ilarity matrix based upon the calculation of Euclidian distances
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Table 2. Benthic categories used for habitat characterization in the sampling sites, southwestern lagoon of New Caledonia (South Pacific).

Corals Sediment Other

Branching (BR) Mud (MUD) Seagrass (SEAG)
Digitate (DIG) Sand (SA) Algae, cyanobacteria (ALG)
Tabular (TAB) Coral rubble (RUB)
Massive (MASS) Boulders (< cm) (BOUL)
Submassive (SUBMASS) Dead Corals (DEAD)
Foliose (FOL) Bedrock (RO)
Encrusting (ENC)
Soft (Alcyonarians) (SO)
Fire (FI)
Bleached (BLEA)

between all transects was built using all 18 substratum variables.
The transects were then ordinated using Principal Coordinates
analysis (PCO) to establish a multivariate typology of habitats.
Habitat differences between depth zones (reefflat vs. upper fore
reef) and sites were tested using 2-way PERMANOVAs and sub-
sequent pair-wise tests by permutation. The potential influence of
contrasted depth difference between pairs of transects (reefflat vs.
upper fore reef) on habitat variables was tested using Pearson’s cor-
relation moment. The influence of zone and exposure on the live
coral coverand the morphological richness was further investigated
using 2-way PERMANOVAs and subsequent pair-wise tests by per-
mutation. All calculations (arithmetic means ± SE) and subsequent
analyses were performed using PAST3 and Primer v.6 with PER-
MANOVA add-on packages.

Results
COTS trajectory
Elevated abundances of starfish were confirmed in all the sur-
vey sites, with initial values systematically well above the thresh-
old considered for outbreak populations (threshold five COTS per
swim). The mean abundance per site ranged from 16.2 ± 2.9 to
116.5 ± 33.6 COTS per swim, with a maximum record of 605 COTS
per swim. About half of the sites (46%) exhibited values > 100
COTS per swim on a least one occasion. While the sites were char-
acterized by contrasted COTS abundance levels, reefs with differ-
ent exposure (leeward vs. windward) did not exhibit significant
differences (PERMANOVA, pseudo-F = 1.34, p < 0.001/pseudo-
F = 0.006, p = 0.89, N.S. for site and exposure, respectively).

COTS population trajectory exhibited very similar patterns in
the surveyed reefs. Following the initial report of abnormal abun-
dances, values progressively dropped to reach non-outbreak levels
during the course of the study in all but one (RLA) sites (Figure 2).
In the latter, COTS densities where still above the threshold dur-
ing the final survey (400 ± 155 COTS.ha−1, 8.1 months after the
initial report). A slightly different pattern was observed in VUA,
where COTS population continued to grow after the initial report
of outbreak densities (307 ± 114 COTS.ha−1) to reach extreme val-
ues (1843 ± 567 COTS.ha−1 after seven months); densities then
decreased and eventually returned below the threshold. The esti-
mated duration of outbreak events ranged from 7.1 months (TAR)
to >45 months (VUA), with a median value of 21.7 months. COTS
were not recorded anymore in nine sites during the last survey, and
were barely observable in two (BNN/VUA:1 or 2 COTS observed).
The last two sites still exhibited well-developed COTS populations,

with densities slightly below (MON; 94 ± 32 COTS.ha−1) or clearly
above (RLA; 400 ± 155 COTS.ha−1) the threshold.

Coral habitat
In the 13 reef sites, the depth difference between upper (reef flat)
vs. lower (upper forereef) stations was very limited (mean 3.0 ± 0.9
m, range 1.3–4.6 m). However, the multivariate analysis of the
18 benthic variables highlighted contrasted benthic habitats (PER-
MANOVA, pseudo-F = 12.383, p = 0.002 for upper vs. lower sta-
tions). PCO ordination highlighted a marked coral/rubble gradient,
discriminating the upperstations characterized by more developed
coral assemblages with a variety of ecomorphs, from the lower sta-
tions with reduced live corals and increased bedrock/rubble cover
(Figure 3). Significant differences were recorded for the overall
live coral cover (mean 46.2% vs. 5.1% for upper vs. lower sta-
tions, respectively; pseudo-F = 42.23, p = 0.001), including dom-
inant branching corals (30.5% vs. 2.6%; pseudo-F = 17.92, p =
0.004), tabular corals (5.7% vs. 0.1%; pseudo-F = 11.06, p = 0.007)
and digitate corals (2.3% vs. 0%; pseudo-F = 7.49, p = 0.013).
In contrast, lower stations (fore reef) had significantly more bare
rock substratum (21.3% vs. 13.7% for lower vs. upper stations;
pseudo-F = 41.015, p = 0.001) and much higher coral rubble cover
(40.7% vs. 12.2% for lower vs. upper stations; pseudo-F = 30.98, p
= 0.002) (Figure 4).

For most habitat variables, the magnitude of the observed
changes was not related to the depth difference between the up-
per and lower stations (Pearson’s correlation, r2 with depth differ-
ence < 0.2 for live corals, rubble, rocky substratum, algae; N.S). This
was particularly evident for live coral, which generally exhibited
marked reductions across very limited depth range. This was for ex-
ample observed in BO where live coral cover dropped from 82.4% at
1 m to 6.7% at 3 m, i.e. a −75% difference within 2 m depth. A very
similar pattern was observed in a number of sites: RLA, −68.9%
coral drop within 2.5 m; UIA, −49.8% drop within 3.0 m; RED,
−61.2% drop within 3.3 m; MON, −60.1% drop within 3.7 m.

The exception was for dead corals, where larger differences in
coverwere generally found in reef sites with greater depth range
(r2 = 0.36, p << 0.05i>); however, no significant pattern could
be discerned when comparing upper vs. lower stations (PER-
MANOVA, Pseudo-F = 0.10, N.S.).

Coral assemblages also exhibited a much higher morphological
richness in the shallowest zones (Figure 5). Transects in the reef flats
harbored a maximum of nine different coral categories (i.e. branch-
ing, digitate, tabular, massive, sub-massive, foliose, encrusting, soft,
firecorals) with an average of 4.7 ± 0.2 categories per transect;
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Figure 2. Temporal patterns of COTS abundances in outbreak sites in the SW lagoon, New Caledonia. Means ± SE for number of COTs per ha.
Dashed line: outbreak threshold in New Caledonia from Dumas et al., . See Table  for site abbreviations.
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(a) (b)

Figure 3. Multivariate typology of shallow coral habitats in outbreak sites in the SW lagoon, New Caledonia. Ordination diagrams from PCO for
A. upper (reef flat) vs. lower (fore reef) stations B. habitat variables. See Table  for abbreviations.

values were significantly lower in the lower (fore reef) stations
(maximum six different coral categories observed per transect;
mean 2.6 ± 0.2 per transect, PERMANOVA, Pseudo-F = 90.54, p
= 0.001). Cover and morphological richness were similarly affected
by reef exposure. Windward stations always had more diversified
assemblages, with slightly higher morphological richness compared
to leeward stations (mean 4.3 ± 0.2 vs. 3.3 ± 0.2 coral categories per
transect for windward vs. leeward stations; PERMANOVA, Pseudo-
F = 20.71, p = 0.001). They were also characterized by significantly
higher live coral cover (35.2% in windward vs. 20.0% in leeward
stations; PERMANOVA, Pseudo-F = 60.93, p = 0.001), with much
greater differences recorded between depths than in the leeward sta-
tions (Figure 6).

Discussion
In this work, we investigated the occurrence of COTS outbreaks
and their impacts in the upper areas (reef flat and fore reef in 0–5
m depth) of fragmented coral reefs in New Caledonia, South Pa-
cific. In addition to establishing the first COTS baseline in a coun-
try whose extensive coral formations were until recently considered
less affected than most surrounding territories (Moritz et al., 2018;
Dumas et al., 2020), our results provide an original and comple-
mentary perspective on the differential consequences of COTS out-
breaks in the shallowest, generally under-researched coral habitats.

Prevalence of COTS outbreaks
Dedicated monitoring highlighted for the first time the widespread
distribution of massive COTS aggregations across the Southwest-

ern lagoon of New Caledonia, with severe but differential impacts
on the coral assemblages. Beyond the frequent observation of reg-
ular, low-density populations, we documented an unexpected high
occurrence of outbreak events characterized by massive population
increases, but limited spatial and temporal boundaries. Abundance
levels of several hundreds of COTS per 10 minutes-swim, i.e. sev-
eral thousand COTS per hectare (maximum 15 000 COTS.ha−1)
were repeatedly recorded in a number of reefs, meeting or exceed-
ing the highest values in the literature. This was unexpected since
New Caledonia has been the subject of a number of monitoring pro-
grams during the recent decades, which apparently failed to gauge
the scale of the phenomenon (but see Dumas et al., 2020). The first
notices of isolated specimens date back to the late 1940s (Catala,
1950); however, no systematic observations were made before the
seminal work of Conand (1983), who reported the regular occur-
rence of A. planci in the 1980s. Opportunistic field surveys high-
lighted low to moderate population density (< 50 COTS.ha−1) in
most stations, except in a single, mid-shelf reef (IlotMaitre) where
outbreak densities were repeatedly documented since then (Co-
nand, 1983). Specific observations of COTS aggregations, includ-
ing the mainland northern and eastern coasts and the less popu-
lated Loyalty islands, progressively increased since 1997, when reg-
ular monitoring started as part of the GCRMN using modified Reef
Check methods (Wantiez, 2008; CRISP, 2009; Chin et al., 2011).
Evidence of punctual, apparently disconnected COTS population
burst sprogressively arose from the yearlymonitoring reports of the
RORC (Coral Reef Observation Network of New Caledonia); how-
ever, the averaged densities reported were generally low and the au-
thors never explicitly referred to “outbreaks” (e.g. 2013–2020: 22 to
78 stations surveyed; average density from 6.8 to 26.4 COTS.ha−1;
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Figure 4. Differences in shallow benthic habitats in outbreak sites in the SW lagoon, New Caledonia. Means ± SE in upper (reef flat) vs. lower
(fore reef) stations for Branching corals (BR), Tabular corals (TAB), Digitate corals (DIG) and coral rubble (RUB) with results from
PERMANOVAs (∗p << .i>; ∗∗p << .i>).

RORC, 2014, 2016, 2018, 2019). It was not until 2012 that multiple
sightings of abnormal COTS abundances gained research attention,
and ephemeral outbreaks were eventually suspected across New
Caledonia (Buttin, 2018; Adjeroud et al., 2018). This led to a ded-
icated, citizen-based regional COTS monitoring program, which
demonstrated that the spread of COTS was substantially wider than
expected (Dumas et al., 2020). Despite the accumulation of scien-
tific evidence, the idea that COTS may constitute a threat in New
Caledonia is still the issue of heated debate; no consensus has yet
been reached at decision levels, and no management framework is
currently applied (Oremus et al., 2021).

Implication of spatiotemporal scales for COTS
monitoring and management
This apparent discrepancy may partly result from methodologi-
cal issues. In New Caledonia such as in surrounding territories
(e.g. Vanuatu and Fiji), most coral reef expert monitoring initia-
tives rely upon traditional underwater transect-based surveys. This
is the case of the country-scale GCRMN-RORC program, which

was built historically around a network of 20–80 fixed, 400m2 ben-
thic stations. While maintaining a long-term, country-scale mon-
itoring is a challenge in itself, spatial coverage and representative-
ness are clearly insufficient when confronted to the ∼4500 km2 New
Caledonia coral reef formations.This approach is even less suitable
for the detection of rapidly moving, spatially heterogeneous COTS
populations with fast locomotion rates and active prey-searching
roaming behavior (e.g. 50 cm.min−1, up to approximately 20 m
day−1, Moran, 1990; Mueller et al., 2011; Ling et al., 2020). More
flexible, adaptive methods providing better coverage such as ran-
dom search and/or timed surveys (Hill and Wilkinson, 2004) are
required here, especially during the initiation phase where fixed,
transect-derived methods are not well suited to detect COTS den-
sities rapidly evolving across a variety of habitats and depths. This
pleads in favor of dedicated, long-term COTS survey programs,
such as on the GBR where COTS are integrated inside a national,
strategic management framework, and monitoring built on decades
of COTS research combines a variety of approaches (including
expert-based manta-tow, snorkel- and SCUBA surveys; drone ob-
servation; citizen science etc.) (GBRMPA, 2020).
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(a)
(b)

Figure 5. Composition of shallow coral communities in outbreak sites in the SW lagoon, New Caledonia. Means ± SE in upper (reef flat) vs.
lower (fore reef) stations for (a) all coral categories; (b) less represented categories. BR: branching; TAB: tabular; SUBMASS: submassive; DIG:
digitate; ENC: encrusting; FOL: foliose; MASS: massive; SO: soft; FI: fire corals.

Under detection or under reporting may be further exacer-
bated by the restricted spatiotemporal scales of COTS events, which
clearly emerge from this study. In contrast with persistent, massive
outbreaks which can affect continuous reef systems such as the GBR
for years or even decades (e.g. Chesher, 1969; De’ath et al., 2012;
Kayal et al., 2012; Nakamura et al., 2014; Li et al., 2019, among
others), almost all events were restricted to relatively small, iso-
lated mid-shelf reefs and faded away during the course of the study.
The typical residence time was less than two years per reef, with
at least one site where COTS seemingly “disappeared” after a few
months. The absolutevalues must be considered with care, because
of the varying delays between two consecutive surveys in certain
sites and the limited course of this study (four years). Outbreak du-
ration may actually be shorter in the eight sites where monitoring
gap was highest, and where COTS populations may have returned
earlier to the baseline levels. Conversely, the return to baseline den-
sities may not necessarily imply the end of an outbreak, which could
persist undetected elsewhere if COTS switched area. The latter hy-
pothesis, however, is unlikely given the limited extension and the
physical isolation of mid-shelf reefs, which (i) facilitate the detec-
tion of dense COTS populations by observers, and (ii) would re-
quire COTS crossing extensive lagoon areas at about 20 m depth
to reach other reefs (but see Goreau et al., 1972). These results are
consistent with COTS population trajectories punctually observed
by Adjeroud et al. (2018). They emphasize that COTS eventscan
be highly ephemeral in nature, with a narrow window of opportu-
nity for detection and potentialmanagement responses. Once the
wave of starfish has passed, traces of their presence quickly fade
away: in the clear, warm waters of New Caledonia, feeding scars
remain visible for only a couple of weeks before algae and a variety
of sessile organisms colonize the coral skeletons. Beyond monitor-
ing, these results also have very practical implication, as they very
likely contribute to underestimating the actual impacts of COTS.
In New Caledonia, significant coral decline has been subsequently
attributed to unreported outbreaks in the recent decade, without

being able to provide quantified evidence for it (CRISP, 2009;
Guillemot et al., 2016; Sulu et al., 2002; Wantiez, 2008). This ar-
gument is often used by decision-makers to justify the current pol-
icy of non-intervention, in particular the prohibition of methods to
control COTS population densities.

This also raises the question of the future of COTS popula-
tions once these brief, self-contained events are over. It seems un-
likely that natural, massive post-outbreak COTS mortality can be
expected among the populations within such a narrow temporal
frame, as these biological processes usually take longer to operate
(Moran, 1986; Pratchett, 2005; Pratchett et al., 2014). Mass move-
ment to adjacent reefs across the lagoon is conceivable, as it is
now widely recognized that adult COTS can effectively travel across
deep, open sandy areas under certain conditions (e.g. Mueller et al.,
2011; Clements and Hay, 2017; Pratchett et al., 2017b). With an ex-
tensive reef and lagoon area of 40 000 km2 including a 1500 km long
continuous barrier reef, the ability to model adult migrations and
predict the potential spread of outbreaks is crucial to develop oper-
ational management at country scale. There is rising evidence that
successive population bursts may recurrently affect the same reefs
with a few years interval (P. Dumas, pers. obs.); unfortunately, we
are currently hampered by the limited technical ability to track in-
dividuals and populations over long periods, and by the lack of his-
torical, quantitative data to address potentially cumulative impacts.

Differential impacts of COTS outbreaks on the benthic
habitats
On initial examination, the short residence times observed may
point toarapid shortage of food supply, following massive COTS
population bursts in the affected areas. Outbreak may end naturally
once depleted live coral stockscannot sustain the resident COTS
populations, leaving them with the option to migrate to more fa-
vorable areas, or to die of starvation (Suzuki et al., 2012)–the lat-
ter process likely exacerbated in small, fragmented mid-shelf reefs
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Figure 6. Influence of depth and exposure on the shallow coral
assemblages in outbreak sites in the SW lagoon, New Caledonia.
Interaction plots from -way PERMANOVAs for live coral cover (a)
and morphological richness (b) in upper (reef flat) vs. lower (fore
reef) stations with different wind exposure.

isolated by extensive areas of deep waters. This hypothesis is highly
unlikely because our results document, for the first time in the area,
the persistence of abundant and diversified coral assemblages in
each of our 13 reefs immediately after the declines in COTS den-
sities. Impact patterns, however, drastically changed within a very
narrow depth range (0–5 m). Following outbreaks, we observed
a clear delineation between seemingly unaffected, shallowest reef
flat areas (0.5–1.5 m) with flourishing corals, and almost devas-
tated areas located a few meters deeper (3–5 m) along the same
continuum. Our results confirmed thatreef flat areas located in less
than 2 m depth harbored pristine benthic habitatsstill dominated
by well-developed, morphologically diversified coral assemblages.
Very high coral covers were eventually reported (maximum 98.2%
per transect; half of the site had average live coral cover per tran-
sect > 60%), along with a variety of growth forms typically ob-
served in the surrounding, unaffected reefs from the same com-
plex (Adjeroud et al., 2019). The transition to the 3-5 m depth ar-
eas were COTS were observed during the study was abrupt: live
coral cover was divided by nine to an average 5% within a very few
meters, along with a marked reduced morphological richness. This

eventually materialized in the field as a clear visual demarcation line
along the reef, below which corals were degraded and dense popu-
lations of COTS were repeatedly seen during the surveys, whereas
they were never observed in the upper, unimpacted areas. In the ab-
sence of before-and-after data, it is not possible to formally attribute
this decline to COTS alone. However, this hypothesis is supported
by the abrupt differences in coral assemblages within the very nar-
row depth range observed. Such delineation is highly unusual along
this natural benthic continuum where coral assemblages are natu-
rally the most developed, both quantitatively and qualitatively, in
the Southwestern lagoon of New Caledonia in the absence of COTS
(Chevalier, 1973; Faure et al., 1981; Lasne, 2007).

These results fit within the general framework of outbreaks ini-
tiating at various depths below the reef crest, with subsequent coral
mortality gradually spreading upwards as COTS populations as-
cend the reef slope to reach areas with the highest abundance of
coral prey (Endean and Stablum, 1973; Johnson et al., 1991; John-
son, 1992; Wilmes et al., 2020). However, the spread of COTS pop-
ulation and the associated coral depletion appeared spatially self-
contained in all sites, as outbreaks never affectedthe shallowest reef
flat areas (0.5–1.5 m depth). In fact, COTS were almost never seen
behind the reef crest, with no evidence of feeding scars or signif-
icant coral mortality despite careful search. There wereonly a very
few occasions where isolated specimens could be spotted on the reef
flat or even on the sand, with their spines barely sticking out of the
water at low tide. The occurrence of COTS in the upper sections
of coral reefs has been consistently reported across the Western
Pacific, from historical reports of waves of adult starfish moving
across reef flats in Fiji and Australia during the early 1970s (Endean
and Stablum, 1973; Zann et al., 1990), to very shallow aggregations
recently affecting Vanuatu’s narrow fringing reefs at depths ≤ 1m
(Dumas and Ham, 2015; Dumas et al., 2016). While there are no ob-
stacles or physical boundaries to impede COTS from reaching these
coral-rich areas, empirical evidence suggests that this is uncom-
mon, and COTS actually tend to avoid very shallow areas even when
their preferred prey are abundant(Chesher, 1969; Moran, 1986; Cel-
liers and Schleyer, 2006; Pratchett, 2005). Under this hypothesis,
the rapid declines in once massive COTS densities may not result
from a total depletion of prey, but rather to prey resources becoming
less accessible (or with more unfavorable risk-benefit balance) in
the shallowest reef flat areas, therefore keeping predation pressure
downwards. This may be a protective behavior to avoid unsuitable,
potentially lethal environmental conditions, including strong hy-
drodynamism (waves, current), elevated temperatures and period-
ical emersion (e.g. Endean and Chesher, 1973; Moran et al., 1985).
COTS are indeed highly vulnerable to oxygen depletion due to their
large size and active metabolism, and death by asphyxiation usually
occurs after only a few hours out of the water (P. Dumas, pers. obs.).
Moreover, reduced feeding efficiency was reported in exposed lo-
cations where currents, turbulence and strong wave action can dis-
lodge adult specimens, hence interrupting feeding activity and po-
tentially damaging the starfish (Goreau et al., 1972; Moran, 1986).
This eventually translates into a combined depth and exposure gra-
dient, such as on the GBR where Pratchett (2005) reported highest
COT densities deeper on the reef slope at windward locations, while
they were more abundant at the reef crest at more sheltered loca-
tions. Slightly different post-outbreak distributions were observed
in this study, especially in the reef flats where dominant south-
easterly trade winds (“Alizees”) generate very active hydrodynamic
circulation and swell with variable tidal height and emersion pat-
terns (Ouillon et al., 2010)—hence making these areas particularly
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unfavorable for adult starfish. In these areas naturally avoided by
COTS, more flourishing coral assemblages were naturally observed
in exposed vs. sheltered areas, as generally recorded elsewhere in
the Southwestern reef complex of New Caledonia (Lasne, 2007). In
contrast, this natural gradient no longer existed a few meters below
(3 m and beyond) where predation by COTS was maximum, and
the coral stock was severely depleted irrespective of exposure.

Conclusions
As a UNESCO Natural World Heritage and home to the second
largest MPA in the world, the preservation of New Caledonia’s ex-
tensive and diversified reef system is a collective/collaborative re-
sponsibility that involves all marine stakeholders, from government
agencies and research organizations to NGOs, business operators
and private individuals. In a context where an overwhelming pro-
portion of political and public attention is drawn to large-scale,
global-change related issues and reef disturbance levels are offi-
cially considered “mostly low” (RORC, 2018), is it time to change
paradigm? In New Caledonia, COTS outbreaks were so far regarded
as very rare and specific events, whose consequences could not
jeopardize the balance of coral assemblages. Our results support the
view that COTS may now constitute the rule rather than the ex-
ception, and frequent small-scale, rapidly evolving and potentially
additive outbreaks could result in significant impacts on the longer
term. The fact is that shallowest, coral-rich areas are so far seem-
ingly preserved from COTS damage; however, they are also the ar-
eas most directly exposed to the adverse effects of climate change. In
this context, and if only on the precautionary principle, additional
research effort should be urgently dedicated to assess the structure
and dynamics of local COTS outbreaks, and better gauge the scale
of “the Acanthaster phenomenon” (Moran, 1986).
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